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P ol y(l a cti c  a ci d)  ( P L A) is a n  e xt e nsi v el y  st u di e d  bi o -b as e d,  bi o d e gr a d a bl e  
p ol y m er  wit h  t h e p ot e nti al  t o r e pl a c e u nst ai n a bl e  p etr ol e u m -b as e d  pl asti c s.   H o w e v er,  t h e 
h y dr o p h o bi c  n at ur e  of  P L A  l e a ds t o p o or  i nt erf a ci al i nt er a cti o ns wit h  h y dr o p hili c  
n a n ofill er s,  w hi c h  l e a ds t o i n c o m p ati bilit y.  T h er ef or e,  it is n e c ess ar y  t o s urf a c e  m o dif y  
P L A  wit h  bi o c o m p ati bl e  a d diti v es  t o i m pr o v e P L A  - n a n ofill er  c o m p ati bilit y  a n d  
m ai nt ai n  bi o d e gr a d a bilit y .  I n t his st u d y,  P L A  w as  s urf a c e -m o difi e d  vi a  i n-sit u fr e e 
r a di c al c at al ysis,  usi n g  m al ei c  a n h y dri d e  ( M A) a n d  di c u m yl  p er o x i d e ( D C P) d uri n g  m elt -
mi xi n g.   B ot h  D C P  a n d  M A  l o a di n gs w er e  v ari e d  fr o m 0. 1 7 2  t o 0. 9 7 2  wt. %  a n d  0. 0 1 2 5  
t o 4. 3 2  wt. %,  r es p e cti v el y.   
N a n o c o m p o sit es  w er e  pr e p ar e d  b y  i n c or p or ati n g c ell ul o s e  n a n ofill er s , pr o d u c e d  
b y  H 2 S O 4  h y dr ol ysis  (C N Cs  S A H),  A m eri c a n  V al u e -A d d e d  P ul pi n g  ( A V A P® ), a n d  
ii 
2, 2, 6, 6 -t etr a m et h yl pi p eri di n e-1 -o x yl  (C N Fs  T E M P O)  pr o c ess es , i n m al e at e d  P L A  b y  
hi g h  t or q u e m elt  mi xi n g.   T h e  n e w  n a n o c o m p o sit e s  w er e  c h ar a ct eri z ati o n  b y  
t h er m o gr a vi m etri c a n al ysis  ( T G A), d y n a mi c  m e c h a ni c al  a n al ysis  ( D M A), diff er e nti al  
s c a n ni n g  c al ori m etr y  ( D S C), t e nsil e t esti n g, m elt  fl o w i n d e x ( M FI), a n d  F o uri er  
tr a nsf or ms i nfr ar e d ( F TI R). 
T h e  i n c or p or ati o n of  C N Cs  b y  hi g h  t or q u e m elt  mi xi n g  i n m al e at e d  P L A  pr e p ar e d  
wit h  0. 7 7 2  wt. %  D C P  a n d  0. 0 1 2 5  wt. %  M A  w er e  f o u n d t o gi v e  t h e m o st  pr o misi n g  
n a n o c o m p o sit es .  T h e  i n c or p or ati o n of  0. 5  wt. %  C N Cs  i n m al e at e d  P L A  0. 0 1 2 5  r es ult e d 
i n a  dr asti c  i m pr o v e m e nt i n t h er m o m e c h a ni c al, r h e ol o gi c al, a n d  m e c h a ni c al  pr o p erti e s .  
I n t h e b est  c as e  t h e n a n o c o m p o sit e  e x hi bit e d  a  t e nsil e str e n gt h of  6 8  m e g a p a s c al s ( M P a) 
a n d  Y o u n g's  m o d ul u s  of  a  5. 9 9  G i g a p a s c al  ( G P a), w hi c h  r e pr es e nt a  1 2 4 %  a n d  3 4 6 %  
i m pr o v e m e nt, r es p e cti v el y, as  c o m p ar e d  t o n e at  P L A .  
T h e  t h er m al st a bilit y of  t h e n a n o c o m p o sit es  w as  d et er mi n e d  usi n g  t h e Kis si n g er  
a n d  O z a w a -F l y n n-W all  m et h o ds  ( A S T M E  1 6 4 1 -1 6) .  T h e  n a n o c o m p o sit es  i n c or p or ati n g 
T E M P O  pr e p ar e d  C N Fs  e x hi bit e d  t h e l o w est t h er m al st a bilit y.  T h e  n a n o c o m p o sit es  
i n c or p or ati n g S A H  pr o d u c e d  C N Cs  w er e  u nst a bl e  at  hi g h  t e m p er at ur es a n d  t h e 
n a n o c o m p o sit es  i n c or p or ati ng  t h e A V A P  pr e p ar e d  C N Cs  e x hi bit e d  t h e hi g h e st  t h er m al 
st a bilit y.  
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C H A P T E R  1  
 
I N T R O D U C TI O N 
 
 
T h e  v a st  m aj orit y  of  pl a sti cs  us e d  t o d a y ar e  d eri v e d  fr o m p etr ol e u m -b as e d  
r es o ur c es; a n d  ar e  ess e nti al  t o a  wi d e  r a n g e of  s e ct or s, i n cl u di n g a gri c ult ur e,  m e di ci n e,  
el e ctr o ni c s,  f o o d p a c k a gi n g,  c o nt ai n er s,  tr a ns p ort ati o n, a n d  c o nstr u cti o ns. 1, 2   T h e  us e  of  
pl a sti c s  in  t h es e s e ct or s a n d  m or e  h as  g e n er at e d  a n  e n or m o us  v ol u m e  of  d e bris,  t h e 
dis p o s al  of  w hi c h  h a s  b e c o m e  a  pri m ar y  gl o b al  c o n c er n. 1 -3   It h as  b e e n  r e p ort e d t h at s o m e 
pl a sti c s  c o ul d  t a k e u p  t o a  t h o us a n d y e ar s  t o d e gr a d e. 4   S o,  w ast e  r es ulti n g fr o m t h es e 
pl a sti c s  c a n  p o s e  s e v er e e n vir o n m e nt al  c o n c er ns  t h at n e e d  i m m e di at e r es ol uti o n.  F or  
i nst a n c e, pl asti c  d e bris  b uri e d  i n l a n dfills c a n  l e a c h h ar mf ul  c h e mi c als  i nt o gr o u n d w at er  
a n d,  t h er ef or e, i nt o t h e w at er  s u p pl y;  a n d  pl a st i c w ast e  i n o c e a ns  a n d  ri v er s h a v e  t h e 
p ot e nti al  t o h ar m  a n d  e v e n  kill  wil dlif e  t h at b e c o m es  e nt a n gl e d  i n it or  i n g est it.2, 4, 5   
A n ot h er  o v erri di n g  c o n c er n  of  p etr ol e u m -b a s e d  pl asti cs  is t h e s o ur c e of  t h eir r a w 
m at eri al,  cr u d e  oil  is fi nit e.1, 5   As  t h e i m pl e m e nt ati o n of  s u st ai n a bl e  d e v el o p m e nt  is 
u n d er w a y  p er  t h e P aris  A gr e e m e nt  t o c o m b at  gl o b al  w ar mi n g,  t h e d e v el o p m e nt  a n d  us e  
of  e c o -fri e n dl y a n d  d ur a bl e  m at eri als  t o r e pl a c e p etr ol e u m -b a s e d  pl asti c s  c o nstit ut e  a  
s e ct or  of  gl o b al  c o n c er n. 6, 7  C o m p o sit es  util i zi n g bi o pl a sti c s  a n d  bi o p ol y m er s  ar e  of  




Bi o pl a sti cs  ar e  m at eri als  d eri v e d  fr o m r e n e w a bl e bi o m as s  s u c h as  c or n,  v e g et a bl e  
f at s, a n d  oil,  w hil e  bi o p ol y m er s  ar e  p ol y m er s  o c c urri n g  i n li vi n g or g a nis ms,  f or e x a m pl e,  
pr ot ei n,  c ell ul o s e,  c hiti n,  a n d  d e o x yri b o n u cl ei c  a ci d  ( D N A).1, 5, 7   All  bi o p ol y m er s  ar e  
bi o d e gr a d a bl e;  h o w e v er,  bi o pl asti c  v ari e s  i n t h eir m o d e  of  d e gr a d ati o n. 1, 4, 5, 6   F or  
i nst a n c e, p ol y h y dr o x y b ut yr at e  ( P H B), p ol y( l a cti c a ci d)  ( P L A) a n d  p ol ytri m et h yl e n e  
t er e p ht h al at e ( P T T) ar e  all  bi o pl a sti cs,  y et,  P H B  is bi o d e gr a d a bl e,  P L A  is c o m p o st a bl e,  
a n d  P T T  is n o n bi o d e gr a d a bl e. 4, 5, 6  
C ell ul o s e,  a  u bi q uit o us  bi o p ol y m er,  h as  f o u n d a p pli c ati o ns  i n bi o m e di c al  
e n gi n e eri n g  a n d  s er v es as  a  pl atf or m  f or t h e pr e p ar ati o n  of  e c o -fri e n dl y n a n o p arti cl e s. 7, 8   
C ell ul o s e  n a n o cr yst als  ( C N C s) a n d  c ell ul o s e  n a n ofi b er s  ( C N Fs), is ol at e d fr o m c ell ul o s e,  
ar e  hi g hl y  v al u e d  f or t h eir m e c h a ni c al,  o pt i c al, a n d  c h e mi c al  pr o p erti es. 8   T h e  
d e v el o p m e nt  of  gr e e n  c o m p o sit es  c o m p o s e d  of  bi o pl a sti c  a n d  bi o p ol y m er  t h at ar e  
c o m p o st a bl e  or  bi o d e gr a d a bl e  is m o st  cr u ci al  t o a d dr essi n g  q u esti o ns  arisi n g  fr o m 
e n vir o n m e nt al  h a z ar ds  a n d  h e alt h -r el at e d pr o bl e ms  r es ulti ng  fr o m t h e pr o d u cti o n  of  
p etr ol e u m -b as e d  pl asti c s  a n d  t h eir w a st e. 1, 2, 5   I n t his dis s ert ati o n,  w e  will  d es cri b e  t h e 
d e v el o p m e nt  of  P L A/ c ell ul o s e  n a n o c o m p o sit es  a n d  e x a mi n e  t h eir p h ysi c al,  r h e ol o gi c al, 




C H A P T E R  2  
 
R E VI E W  O F  LI T E R A T U R E  
 
 
I n r e c e nt y e ar s,  r es e ar c h er s h a v e  s h o w n si g nifi c a nt  i nt er est i n d e v el o pi n g  e c o -
fri e n dl y m at eri als  a n d  i n n o v ati v e t e c h n ol o gi es t o pr o d u c e  r e n e w a bl e a n d  s ust ai n a bl e  
m at eri als,  pr e d o mi n a ntl y  d u e  t o t h e r e c o g niti o n t h at p etr ol e u m  s o ur c es ar e  fi nit e a n d  t h e 
gr o wi n g  e n vir o n m e nt al  crisis  arisi n g  fr o m pl asti c  w ast es. 7 -1 0   T h e  gr o wi n g  d e m a n d  t o 
d e v el o p  i n n o v ati v e b i o b a s e d pr o d u ct s,  i n cl u di n g i n n o v ati v e t e c h n ol o gi es, c o ul d  r e d u c e 
t h e gl o b al  d e p e n d e n c e  o n  p etr ol e u m  pr o d u ct s. 9, 1 0   T o  s u p p ort  t h e d e v el o p m e nt  of  
s ust ai n a bl e  a n d  e c o -fri e n dl y pr o d u ct s,  t h e U. S  D e p art m e nt  of  E n er g y  ( D O E) d e v el o p e d  a  
t e c h n ol o g y r o a d m a p  f or i n cr e a si n g t h e us e  of  pl a nt -b as e d  m at eri als  f or c h e mi c al  b uil di n g  
bl o c k s. 9   Li k e  t h e D O E,  t h e U. S.  a gri c ult ur e,  f or estr y, lif e s ci e n c es,  a n d  c h e mi c al  
c o m m u niti es  h a v e  d e v el o p e d  a  str at e gi c visi o n:   T h e  Pl a nt/ Cr o p -B as e d  R e n e w a bl e  
R es o ur c es  2 0 2 0. 9, 1 0   T his  ro a d  m a p  e n visi o ns  t h e us e  of  a gri c ult ur e  r esi d u e, cr o ps,  a n d  
tr e es t o pr o d u c e  i n d ustri al pr o d u ct s;  a n d  t o e n h a n c e  U. S.  e c o n o mi c  s e c urit y t hr o u g h 
r e n e w a bl e pl a nt/ cr o p -b as e d  r es o ur c e us e. 9, 1 0   Bi o pl asti cs  m a y  s o o n b e  c o m p eti n g  wit h  
c o m m o dit y  pl a sti cs,  as  a n  o ut c o m e  of  t h e s al e s gr o wt h  r at es of  r e n e w a bl e pl a sti cs  ar e  
m or e  t h a n 2 0 -3 0 %  p er  y e ar  a n d  i m pr o v e m e nt i n t h eir o v er all  pr o p erti es .8 -1 0   H o w e v er , t h e 
hi g h  pri c e  of  bi o pl asti c s  is still a  c h all e n g e. 1 1 -1 3   P ol y m er  c o m p o sit es  or  n a n o c o m p o sit es  





2. 1  P ol y m e r  C o m p osit es  a n d  N a n o c o m p osit es  
A  c o m p o sit e  or  n a n o c o m p o sit e  is a  m at eri al  c o m p o si n g  of  t w o or  m or e  diff er e nt  
m at eri als  t h at, w h e n  c o m bi n e d,  e x hi bit  b ett er  pr o p erti es  t h a n e a c h  c o m p o n e nt,  s u c h as  a  
p ol y m er  m atri x  a n d  r ei nf or c e m e nt (r ei nf or ci n g fill er).1 2, 1 3   T h e  pri m ar y  g o al  of  
r ei nf or ci n g fill er is t o yi el d  i m pr o v e d m e c h a ni c al  pr o p erti e s  a n d  r e d u c e t h e c o st  of  t he  
m at eri al. 1 3   C o n v e nti o n al  r ei nf or c e m e nt s us e d  i n p ol y m er  m atri x  c o m p o sit es  ( P M Cs) 
i n cl u d e: n at ur al  fi b er s ( c ell ul o s e, li g ni n, st ar c h); gl ass  fi b er s; c ar b o n  or  ar a mi d  fi b er s; 
ultr a -hi g h  m ol e c ul ar  w ei g ht  p ol y et h yl e n e  ( U H M W P E) fi b er s; e x oti c  fi b er s ( b or o n); a n d  
p arti c ul at e  fill er s, i n or g a ni c fill er s ( c al ci u m c ar b o n at e,  f u m e d sili c a),  m et al  fill er s.1 2 -1 6   
T h e  fill er c o ul d  b e  m a cr o -, mi cr o -, or  n a n o -si z e. 1 3, 1 4   P M Cs  ar e  c o m m er ci all y  pr o d u c e d  
f or s e v er al diff er e nt  a p pli c ati o ns  s u c h as  a ut o m oti v e,  a er o s p a c e,  a n d  s p orti n g  g o o ds. 1 3 -1 5   
I n t h e p ast  t w o d e c a d es,  i n cr e asi n g eff ort s  h a v e  b e e n  a p pli e d  t o t h e d e v el o p m e nt  of  
p ol y m er  n a n o c o m p o sit es  ( P N Cs).1 4 -1 7   P N Cs  ar e  c o m p o sit es  i n w hi c h  o n e  of  it s 
c o m p o n e nt s  h a s  at  l e a st o n e  di m e nsi o n  l e ss t h a n 1 0 0  n a n o m et er s  ( n m).1 4, 1 7   T h e  
c o m p o sit e  d o es  n ot  h a v e  t o b e  i n t h e n a n o s c al e  b ut  c a n  b e  t h e m a cr o - or  mi cr o s c o pi c  
si z e. 1 4, 1 7   N a n o c o m p o sit es  h a v e  a d v a nt a g es  o v er  tr a diti o n al p ol y m er  c o m p o sit es;  f or 
e x a m pl e,  t h e y r e q uir e o nl y  l o w fill er l o a di n g a n d  pr o d u c e  li g ht w ei g ht m at eri als. 1 6 , 17  
M a n y  p ol y m er  n a n o c o m p o sit es  c a n  b e  pr o c ess e d  a n d  f a bri c at e d li k e c o n v e nti o n al  
p ol y m er  c o m p o sit es,  m a ki n g  t h e m attr a cti v e  fr o m a  m a n uf a ct uri n g  p oi nt  of  vi e w. 1 6 -1 8  
N a n o c o m p o sit es  r es ulti n g fr o m bi o b as e d  fill er s h a v e  b e c o m e  a  si g nifi c a nt  r es e ar c h f o c us 
d u e  t o t h e i n cr e as e d c o n c er n  f or a  h e alt h y  e n vir o n m e nt,  a n d  it s s ust ai n a bilit y. 1 2   




e x c ell e nt  gr e e n  a p pr o a c h  t o p ol y m er  m o difi c ati o n. 1, 4, 5, 1 2   H o w e v er,  m o st  bi o -r ei nf or c e d 
m at eri a ls ar e  r ei nf or c e d wit h  pl a nt  fi b er s s u c h as  st ar c h,  li g ni n, or  c ell ul o s e. 1 9 -2 1   Pl a nt  
fi b er s, s u c h a s  c ell ul o s e,  ar e  r e p ort e d t o pr o d u c e  l o w C O 2  e mis si o n,  h a v e  r el ati v el y hi g h  
stiff n es s a n d  str e n gt h,  l o w c o st,  a n d  l o w d e nsit y. 1 9, 2 0   Pl a nt  fi b er s ar e  bi o d e g r a d a bl e a n d  
r e n e w a bl e, u nli k e  ot h er  fi br o us m at eri al,  s u c h as  gl ass  fi b er s, w hi c h  ar e  n ot.   H o w e v er,  
bi o -n a n o c o m p o sit es  h a v e  si g nifi c a nt  a d v a nt a g es  o v er  bi o c o m p o sit es  i n t er ms of  c o st -
eff e cti v e n es s,  m e c h a ni c al  pr o p erti e s,  a n d  pr o c ess a bilit y,  as  w ell  a s  b ei n g  
li g ht w ei g ht.8, 1 4, 1 5   Bi o -n a n o c o m p o sit es  h a v e  f o u n d a  ni c h e  i n s o ci et y,  i n cl u di n g m e di ci n e,  
f o o d p a c k a gi n g,  tr a ns p ort ati o n, a n d  s p orti n g. 1 4, 1 5   Bi o -n a n o c o m p o sit es  ar e  c o nsi d er e d  
gr e e n  m at eri als;  b e c a us e  t h e y ar e  bi o d e gr a d a bl e  a n d  r e n e w a bl e.2 0   Gr e e n  p ol y m er  
n a n o c o m p o sit es  ar e  d esir a bl e  b e c a us e  t h e y ar e  eit h er  bi o d e gr a d a bl e  or  r e c y cl a bl e wit h o ut  
c a usi n g  e n vir o n m e nt al  h a z ar ds. 1 9, 2 0   Bi o d e gr a d a bl e  pl asti cs  ar e  m at eri als  t h at u n d er g o  
d e gr a d ati o n  b y  mi cr o -or g a nis ms  s u c h as  b a ct eri a  a n d  f u n gi, t o pr o d u c e  w at er,  c ar b o n  
di o xi d e,  m et h a n e,  a n d  bi o m as s. 4, 5   P L A  is o n e  of  t h e m o st  st u di e d  r e n e w a bl e-b as e d  
p ol y m er s  si n c e it w as  t h e fir st c o m m er ci all y  a v ail a bl e  bi o pl asti c  pr o d u c e d. 2 1 -2 3   
 
2. 2  P ol y(l a cti c  a ci d s)  ( P L A) 
P L A  is a  bi o -b a s e d,  c o m p o st a bl e  t h er m o pl asti c t h at is pr o d u c e d  i n l ar g e q u a ntit y  
as  c o m p ar e d  t o ot h er  bi o -b as e d  pl a sti cs  b ut  o n  a  s m all pr o d u cti o n  s c al e as  c o m p ar e d  t o 
c o n v e nti o n al  p etr ol e u m -b a s e d  pl a sti cs. 2, 4, 2 1 -2 6   It is pr o d u c e d  fr o m c ar b o h y dr at e -b as e d  
pr o d u ct s  s u c h as  c or n,  c ass a v a,  s u g ar c a n e,  a n d  p ot at o. 2 1 -2 3   T h e  p ol y m er  h as  r e c ei v e d 
m u c h  att e nti o n  as  a n  i n n o v ati v e alt er n ati v e  t o p etr ol e u m -b as e d  pl asti c s  b e c a us e  of  it s 




bi o d e gr a d a bl e. 2 1 -2 6   I n t h e f a mil y of  bi o b a s e d  pl asti cs,  P L A  e x hi bit s  m a n y  pr o p erti e s  
si mil ar  t o s o m e p etr ol e u m -b a s e d  pl a sti cs,  m a ki n g  it s uit a bl e f or m a n y  a p pli c ati o ns.   Li k e  
p ol yst yr e n e,  it is tr a ns p ar e nt a n d  n at ur all y  gl o s s y;  a n d  it s r esist a n c e t o o d or  a n d  fl a v or 
b arri er  pr o p erti e s  m a k e  it si mil ar  t o p ol y et h yl e n e  t er e p ht h al at e ( P E T).2 5, 2 6   P L A  h as  m a n y  
i n d ustri al a p pli c ati o ns  s u c h as  a ut o m oti v e,  t e xtil e, bi o m e di c al  a n d  p a c k a gi n g. 2 0 -2 5   It c a n  
b e  r e c y cl e d 7 -1 0  ti m e s a n d  e x hi bit s  hi g h  t e nsil e str e n gt h,  7 0  M P a,  a n d  a  t e nsil e m o d ul u s  
of  3  G P a. 2 4   T h e  p ol y m er  c a n  b e  pr o c ess e d  b y  m a n y  c o n v e nti o n al  t h er m o pl asti c s 
pr o c essi n g  t e c h ni q u es, s u c h as  fil m e xtr usi o n,  i nj e cti o n m ol di n g,  bl o w  m ol di n g,  a n d  
t h er m of or mi n g.2 7 -3 0   M or e o v er,  fr o m t h e p er s p e cti v e  of  e n er g y  s a vi n gs,  t h e pr o d u cti o n  of  
P L A  r e q uir e s 2 5 -5 5 %  f e w er f o ssil r e s o ur c es t h a n c o n v e nti o n al  p etr ol e u m -b as e d  
pl a sti c s. 2 9, 3 0     
 
2. 2. 1  S y nt h esis  of  P L A  
P L A  h a s  b e e n  k n o w n  si n c e 1 8 4 5;  h o w e v er,  it w as  n ot  c o m m er ci all y  a v ail a bl e  
u ntil  t h e e arl y  1 9 9 0 s. 2 4, 2 9   N at ur e W or ks ™  ( Bl air, N e b.)  is t h e bi g g e st  pr o d u c er  of  P L A;  
t h e y e xtr a ct  d e xtr o s e  fr o m c or n  k er n els,  w hi c h  is t h e n f er m e nt e d b y  b a ct eri a  or  y e a st  t o 
pr o d u c e  l a cti c a ci d. 2 4 -2 8   H o w e v er,  l a cti c a ci ds  c a n n ot  b e  dir e ctl y  p ol y m eri z e d  i nt o P L A  
b e c a us e  of  t h e c o m p eti n g  c h e mi c al  r e a cti o n t h at b o n ds  t o g et h er t h e t w o l a cti c a ci d  
m ol e c ul e s  a n d  g e n er at e  t w o w at er  m ol e c ul es. 2 4, 2 6   T h e  w at er  m ol e c ul es  pr e v e nt  t h e c h ai n  
gr o wt h  a n d  l e a d s t o oli g o m er s  of  l a cti c a ci d.   T h es e  oli g o m er s  ar e  t h e n c h e mi c all y  
pr o c ess e d  t o gi v e  t o s m all er  l a cti d e ( c y cli c di est er s)  m ol e c ul e s;  t his st e p  als o  pr o d u c es  
w at er  t h at is r e m o v e d t o dri v e  t h e r e a cti o n.2 4, 2 6    T h e  l a cti d e m ol e c ul es  a ct  as  m o n o m er s  















Fi g u r e  1 . Ill ustr ati o n of  t h e c h e mi c al  str u ct ur e  of  p ol y(l a cti c  a ci d)  P L A. 2 7  
 
I n c o ntr ast  t o f er m e nt ati o n, l a cti c a ci ds  c a n  b e  pr o c ess e d  vi a  c h e mi c al  s y nt h esis.   
H o w e v er,  f er m e nt ati o n pr o c ess es  h a v e  attr a ct e d  c o nsi d er a bl e  att e nti o n  b e c a us e  of  t h eir 
r e n e w a bilit y, t h us pr o d u ci n g  a  gr e e n  pr o d u ct  fr o m l o w-c o st  r a w m at eri als,  u n d er  mil d  
pr o c essi n g  c o n diti o ns,  a n d  l o w e n er g y  c o ns u m pti o ns.   F er m e nt ati o n  yi el ds  p ur e  is o m er s 
( D(-)- or  L( +) -l a cti c a ci d  d e p e n di n g  o n  t h e mi cr o or g a nis m  us e d. 2 6, 2 7   I n 2 0 1 0,  t h e U.  S.  
D O E  iss u e d a  r e p ort t h at list e d l a cti c a ci d  as  a  p ot e nti al  b uil di n g  bl o c k  f or t h e f ut ur e.2 6   
T h e  f er m e nt ati o n pr o c ess es  f or l a cti c a ci d  m a n uf a ct uri n g  c a n  b e  cl as sifi e d  i nt o t w o 
m et h o ds:  h o m of er m e nt ati v e  a n d  h et er of er m e nt ati v e .  T h e  h o m of er m e nt ati v e  m et h o d  
yi el ds  a  si g nifi c a nt  a m o u nt  of  l a cti c a ci d  a n d  a  l o w er a m o u nt  of  b y pr o d u ct s,  w hi c h  m a k e  
it m or e  i n d u stri all y f a v or a bl e.2 6 -2 8   L a cti c  a ci d  is t h e si m pl est  h y dr o x yl  a ci d  wit h  a n  
as y m m etri c  c ar b o n  at o m.   L a cti c  a ci d  e xist s  i n t w o o pti c all y  a cti v e  c o nfi g ur ati o ns  
r ef err e d t o as  L( +)  a n d  D  (-) is o m er s.9, 2 9   D e p e n di n g  o n  t h e pr o p orti o n  of  t h e is o m er s, 
v ari o us  P L A  m at eri al  pr o p erti e s  c a n  b e  d eri v e d.   Hi g h  m ol e c ul ar  w ei g ht  is r e p ort e d t o 
h a v e  e x c ell e nt  m e c h a ni c al  pr o p erti e s  f or t h e i n d ustr y.2 8 -3 0    T h er e  ar e  t hr e e m et h o ds  us e d  




1.  Dir e ct c o n d e ns ati o n p ol y m eri z ati o n: Si n c e t his m et h o d is a n e q uili bri u m 
r e a cti o n, b y-pr o d u ct w at er m u st b e r e m o v e d t o dri v e t h e r e a cti o n. Alt h o u g h it 
is t h e l e ast e x p e nsi v e r o ut e, it is c h all e n gi n g t o o bt ai n s ol v e nt-fr e e hi g h 
m ol e c ul ar w ei g ht P L A b y t his m et h o d.  T h er ef or e, t h e n e e d f or c h ai n c o u pli n g 
a g e nt s a n d a dj u v a nt s a d ds c o st a n d c o m pl e xit y t o t h e pr o c ess. 2 4 -2 9    
2.  A z e otr o pi c d e h y dr ati o n c o n d e ns ati o n: N o c h ai n e xt e n d er s or a dj u v a nt s a r e 
n e e d e d i n t his m et h o d. 2 9 -3 1   D et ails of t his t e c h ni q u e h a v e b e e n r e p ort e d i n t h e 
lit er at ur e.2 8, 2 9    
3.  P ol y m eri z ati o n t hr o u g h l a cti d e: Fir stl y, l a cti c a ci d is pr e -p ol y m eri z e d t o 
o bt ai n a n i nt er m e di at e l o w m ol e c ul ar w ei g ht P L A, w hi c h is t h e n c at al yti c all y 
d e p ol y m eri z e d t hr o u g h a n i ntr a m ol e c ul ar tr a ns est erifi c ati o n r e a cti o n t o  
T h es e  n e w  t e c h ni q u es t o pr o d u c e  hi g h  m ol e c ul ar  w ei g ht  P L A,  as  s h o w n i n Fi g ur e  2,  h a v e  
all o w e d  c o st -eff e cti v e  pr o d u cti o n.    
 
Fi g u r e  2 . S y nt h esis  of  hi g h  m ol e c ul ar  w ei g ht  P L A  vi a  a z e otr o pi c  c o n d e ns ati o n,  c h ai n  




D es pit e  t h e s u c c es sf ul e n h a n c e m e nt  i n t h e c o st -eff e cti v e n ess  of  P L A,  t h e p ol y m er  
still h as  s o m e li mit ati o n, s u c h as  l o w m elt  vis c o sit y,  i ntri nsi c brittl e n es s,  l o w m elt  
str e n gt h,  a n d  stiff n e ss,  l o w m elt  str ai n,  a n d  p o or  m e c h a ni c al  pr o p erti es  f or wi d e -s c o p e 
a p pli c at i o ns.8, 1 4, 2 5 -2 8   It h as  b e e n  r e p ort e d t h at t h e r ei nf or c e m e nt of  P L A  wit h  a p pr o pri at e  
fill er s c a n  o v er c o m e  t h es e li mit ati o ns, o n c e  t h er e ar e  c o m p ati bl e  p ol y m er -fill er 
i nt er a cti o ns.1 6, 1 8, 2 0    
 
2. 2. 2  R ei nf o r ci n g  Fill e r  i n P L A  
Fill er s  h a v e  b e e n  us e d  i n a c hi e vi n g  s p e cifi c pr o p erti es  i n P M Cs.   T h e  t er m 
‘r ei nf or ci n g fill er’ r ef er s t o a n  a d diti v e  t h at a ct s  as  b ot h  r ei nf or c e m e nt a n d  fill er, w h e n  
i n c or p or at e d i n a  p ol y m er  m atri x;  it si g nifi c a ntl y i m pr o v es t h e m e c h a ni c al  pr o p ert y,  
pr o c ess a bilit y,  or  ot h er  pr o p e rti e s, i n cl u di n g t h e r e d u cti o n i n t h e c o st. 1 3, 1 8, 2 0   
R ei nf or c e m e nt,  r el ati v el y c o m p ati bl e  wit h  t h e p ol y m er  m atri x,  c a n  si g nifi c a ntl y i m pr o v e 
t h e m e c h a ni c al  a n d  ot h er  pr o p erti es  of  a  n a n o c o m p o sit e  c o m p ar e d  t o t h e p ol y m er. 1 2, 1 8, 2 0   
A n  as p e ct  r ati o is d efi n e d  as  t h e r ati o of  a  l e n gt h t o di a m et er  f or a  fi b er or  t h e r ati o of  
di a m et er  o v er  t hi c k n es s f or pl at el et s  a n d  fl a k es.1 3, 1 8, 2 0, 3 4   T h e  r ei nf or c e m e nt of  a  p ol y m er  
m atri x  is t ar g et e d t o pr o d u c e  c o m p o sit es  wit h  i m pr o v e d m e c h a ni c al  pr o p erti e s  r el ati v e t o 
t h e p ol y m er,  gi vi n g  i n cr e as e d m o d ul u s  a n d  str e n gt h. 3 6   S o,  m o st  p ol y m er  m o difi c ati o n  b y  
t h e a d diti o n  of  r ei nf or c e m e nt is e x p e ct e d  t o r es ult i n i m pr o v e d m e c h a ni c al  pr o p erti e s,  
alt h o u g h  it m a y  si g nifi c a ntl y aff e ct  ot h er  pr o p erti e s  s u c h as  r at e of  cr yst alli z ati o n,  
cr yst alli nit y,  t h er m al st a bilit y,  t h er m al e x p a nsi o n,  a n d  m elt  vis c o sit y. 3 5 -4 4     
W h e n  d e v el o pi n g  c o m p o sit es,  t h e c h oi c e  of  fill er is si g nifi c a nt  b e c a us e  t h e 
r ei nf or ci n g fill er d o mi n at es  t h e m e c h a ni c al  pr o p erti e s  of  t h e c o m p o sit es.   T h er ef or e,  t h e 
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f or m a n d  c h e mi c al  n at ur e  of  r ei nf or ci n g fill er s ar e  ess e nti al  p ar a m et er s  i n c o m p o sit es  
d e v el o p m e nt. 1 8, 3 5, 3 8   R ei nf or ci n g  fill er s ar e  m o stl y  n o nis otr o pi c,  w hi c h  r es ult s i n 
pr o p erti e s  t h at m a y  b e  diff er e nt  i n diff er e nt  dir e cti o ns.   F or  e x a m p l e, a  u ni dir e cti o n al  
fi b er c o m p o sit e  m a y  h a v e  v er y  hi g h  str e n gt h i n t h e fi b er dir e cti o n  o wi n g  t o m o st  of  t h e 
l o a d b ei n g  c arri e d  b y  t h e fi b er a n d  p o or  str e n gt h i n t h e tr a ns v er s e dir e cti o n  d u e  t o t h e 
l o a d b ei n g  c arri e d  o nl y  b y  t h e p ol y m er  m atri x. 1 3, 1 8   C o m p o sit es ar e  d esi g n e d  s o  t h at a  
l ar g e p orti o n  of  t h e l o a d is c arri e d  b y  t h e r ei nf or c e m e nt s r es ulti n g i n hi g h  str e n gt h t o 
w ei g ht  r ati o s; h o w e v er,  t his r e q uir e s e x c ell e nt  i nt erf a ci al c o m p ati bilit y. 1 8, 3 8   H o w e v er,  
n at ur al  fi b er s ar e  n ot  al w a ys  c o m p ati bl e  wit h  or g a ni c  p ol y m er s.   F or  e x a m pl e,  t h e n at ur e  
of  c ell ul o s e  n a n ofill er s  ( h y dr o p hili c) h a v e  b e e n  r e p ort e d t o f a c e c h all e n g es  i nt er a cti n g 
wit h  s o m e p ol y m er  m atri c e s  ( h y dr o p h o bi c) w h e n  d e v el o pi n g  c o m p o sit es/ n a n o c o m p o sit es  
wit h  p ol y m er s,  s u c h as  P L A, 3 6  p ol y ur et h a n e, 3 7  a n d  p ol y et h yl e n e. 3 8   C o u pli n g  a g e nt s  ar e  
c o m m o nl y  u s e d  t o o v er c o m e  s u c h c h all e n g e s. 1 8   T h e  c h e mi c al  c o m p ati bilit y  b et w e e n  t h e 
m atri x  a n d  t h e fill er is si g nifi c a nt  r e g ar di n g t h e fill er’s c o m p ati bilit y  a n d  dis p er si o n  i n t h e 
m atri x,  a n d  a d h esi o n  i n t h e p h a s e s. 1 8, 4 4, 4 5  
 
2. 2. 3  M elt  R h e ol o gi c al  P r o p e rti es  of  P L A  
R h e ol o g y  is t h e st u d y of  t h e d ef or m ati o n  a n d  fl o w b e h a vi or  of  m at eri als  a s  a  
f u n cti o n of  a n  a p pli e d  f or c e.  R h e ol o g y  gi v es  i nf or m ati o n o n  w h y  a  m at eri al  b e h a v es  i n a  
c ert ai n  w a y  w h e n  a  f or c e is a p pli e d .4 6   R h e ol o gi c al  pr o p erti es  of  m at eri als  ar e  m e as ur e d  
w h e n  a  f or c e is a p pli e d  t o it, a n d  as  t h e r es ult of  t h at f or c e, t h e m at eri al  fl o w or  d ef or m  i n 
r es p o ns e.4 6    T h e  e xt e nt  of  t h e m at eri al  d ef or m ati o n  d e p e n ds  str o n gl y o n  it s pr o p erti es. 4 6   
P ol y m er  r h e ol o g y r e v e als e ss e nti al  c h ar a ct eristi c s  of  t h e p ol y m eri c  m at eri al  s u c h as  
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P L A. 4 7 -5 1   A n  ess e nti al  a s p e ct  of  p ol y m er  r h e ol o g y is t h e st u d y of  t h e r el ati o ns hi p 
b et w e e n  it s m ol e c ul ar  str u ct ur e  a n d  t h e vis c o el asti c  pr o p erti e s  of  t h e m olt e n  p ol y m er .5 2  
B asi c all y,  i n c o ntr ast  t o p ur e  fl ui d, m o st  p ol y m eri c  m at eri als  ar e  vis c o el asti c  as  it r el at es 
t o t h eir r h e ol o gi c al pr o p erti e s .4 7 -5 4  
As  wit h  a n y  p ol y m er,  P L A  e x hi bit s  a  vis c o el asti c  pr o p ert y  i n it s m olt e n  st at e.   
U n d er st a n di n g  t h e m elt  fl o w b e h a vi or  of  P L A  is vit al  as  it r el at es str o n gl y t o 
pr o c essi n g. 4 7, 5 0, 5 1   It d et er mi n es  t h e str ess l e v el i n o p er ati o ns  s u c h a s  fil m bl o wi n g,  
t h er m of or mi n g, i nj e cti o n m ol di n g,  a n d  e xtr usi o n.  Li k e  m a n y  t h er m o pl a sti cs, P L A  is a  
n o n -N e wt o ni a n  fl ui d a n d  ps e u d o pl asti c  m at eri a l t h at a ct s  as  a  cl as si c  fl e xi bl e-c h ai n  
p ol y m er  a cr o ss  all  c o m p o siti o ns  a b o v e  it s m elti n g  p oi nt. 4 7, 5 0, 5 1   P L A  e x hi bit s  s h e ar  
t hi n ni n g b e h a vi or  w h e n  a  fr e q u e n c y f or c e is a p pli e d  i n it s m elt  r h e ol o g y.  T h e  s h e ar -
t hi n ni n g b e h a vi or  a n d  z er o  s h e ar  vis c o sit y  h a v e  b e e n  m e as ur e d  b y  m a n y  r es e ar c h er s.5 0, 5 1    
R h e ol o gi c al  m e a s ur e m e nt s  of  P L A  n a n o c o m p o sit es  ar e  c arri e d  o ut  t o e x a mi n e  a n d  
u n d er st a n d  t h e i nt er a cti o n of  t h e diff er e nt  c o nstit u e nt s  of  a  m ulti p h as e  or  m ulti -
c o m p o n e nt  a n d  t h eir i nfl u e n c e o n  t h e fl o w a n d  ot h er  pr o p erti es. 4 6, 4 8, 5 0, 5 1   P L A  
n a n o c o m p o sit es  ar e  m ulti c o m p o n e nt  s yst e ms; h e n c e,  it is es s e nti al  t o c o nsi d er  t h e m elt  
r h e ol o g y as  it r el at es t o m e a s uri n g  t h e m elt  vis c o sit y,  el a sti cit y,  a n d  m elt  str e n gt h,  t o 
e ns ur e  pr o p er  pr o c essi n g  a n d  i m pr o v e t h e e n d -of -u s e  pr o d u ct.   M o st  pr o c essi n g  
t e c h ni q u e s s u c h as  t h er m of or mi n g, e xtr usi o n,  a n d  m elt  mi xi n g  of  p ol y m er  
n a n o c o m p o sit es  ar e  dir e ctl y  r el at e d t o t h eir r h e ol o gi c al pr o p erti e s. 4 7    
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2. 2. 4  D y n a mi c  M e c h a ni c al  A n al ysis  ( D M A) 
D y n a mi c  m e c h a ni c al  a n al ysis  ( D M A) is us e d  t o m e as ur e  t h e pr o p erti e s  of  a  
vis c o el asti c  m at eri al  a s  t h e y d ef or m  u n d er  p eri o di c  str ess. 4 7   D M A  is us e d  t o c h ar a ct eri z e  
a n d  st u d y t h e vis c o el asti c  pr o p ert y  of  m at eri als  s u c h as  c o m p o sit es,  t h er m o pl a sti cs, a n d  
el a st o m er s. 4 7 -4 8   It s v ari o us  a p pli c ati o ns  in cl u d e  t h e d et er mi n ati o n  of  t h e f oll o wi n g:  
Fr e q u e n c y -d e p e n d e nt  m e c h a ni c al  pr o p erti e s;  gl as s  tr a nsiti o n t e m p er at ur e; d a m pi n g;  a n d  
vis c o el asti c  m at eri als  pr o p erti es  s u c h a s  l o ss m o d uli  (G ''), st or a g e m o d ul u s  (G ' ) a n d  t a n δ  
(G ''/G ') as  a  f u n cti o n of  t e m p er at ur e.4 7, 4 8   D uri n g  t h e D M A  m e a s ur e m e nt  of  vis c o el asti c  
m at eri als,  t h er e is a  c o nst a nt  c h a n g e  i n t h e st or a g e m o d ul us  ( el asti c r es p o ns e), t a n d elt a  
( d a m pi n g f a ct or) a n d  l o ss m o d ul us  ( vis c o us r es p o ns e) as  t h e f u n cti o n of  t e m p er at ur e or  
fr e q u e n c y; t h u s, it c a n  d et er mi n e  t h e t h er m o m e c h a ni c al a n d  r h e ol o gi c al pr o p erti e s  of  a  
m at eri al. 4 7 -4 9   D M A  t esti n g pr o vi d es  i nf or m ati o n o n  t h e s e c o n d ar y tr a nsiti o n of  t h e s oli d -
st at e,  p ol y m er  m or p h ol o g y , a n d  t h er m al tr a nsiti o ns  a n d  b ul k  pr o p erti es , s u c h as  stiff n e ss 
a n d  m elt s  vis c o sit y. 4 7 -5 4   T h er e  is s o  m u c h  sil e nt  i nf or m ati o n t o a c q uir e  a b o ut  m at eri al  
b e h a vi or  a n d  pr o p ert y  usi n g  t h e D M A  t e c h ni q u e, s u c h as  r ei nf or c e m e nt-p ol y m er  
c o m p ati bilit y, 3 8  pr o c ess a bilit y -pr o p ert y  r el ati o ns hi ps,4 9  e nt a n gl e m e nt -c h ai n  ar c hit e ct ur e  
r el ati o ns hi ps,5 0  a n d  str u ct ur e -pr o p ert y  r el ati o ns hi p.5 4   Fi g ur e  3  s h o ws h o w  t h e D M A  is 
a p pli e d  t o a  m at eri al,  a n d  t h e r es p o ns e m e a s ur e d.  
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Fi g u r e  3 . D M A,  o s cill ati n g  str ess a p pli e d  t o s el e ct e d  m at eri al  a n d  r es p o ns e r e c or d e d.4 8  
 
D uri n g  a  D M A  fr e q u e n c y s w e e p  e x p eri m e nt,  g e n er all y,  0. 0 1  t o 1 0 0  H z,  t h e 
m e a s ur e m e nt  of  t h e p h as e  s hift  a n d  t h e r ati o of  t h e str ess a m plit u d e  a n d  str ai n a m plit u d e  
all o w  c al c ul ati o n  of  t h e c o m pl e x  vis c o sit y,  l o ss m o d ul us  a n d  st or a g e m o d ul u s  as  a  
f u n cti o n of  fr e q u e n c y.4 7 -5 0   T h e  fr e q u e n cy  s w e e p  is a  f u n d a m e nt al r h e ol o gi c al t o ol f or 
m at eri al  c h ar a ct eri z ati o n. 4 7, 4 8   Fi g ur e  4  s h o ws t h e t y pi c al r es ult s of  a  fr e q u e n c y s w e e p  
m e a s ur e m e nt.  




Fi g u r e  4.  St or a g e  m o d ul u s  G′( P a),  l o ss m o d ul u s  G ″  ( P a) a n d  c o m pl e x  vis c o sit y  η *  ( P a. s) 
as  a  f u n cti o n of  a n g ul ar  fr e q u e n c y ω  (r a d/s) f or a  t y pi c al p ol y m er. 5 5  
 
A  fr e q u e n c y s w e e p  e x p eri m e nt  pr o vi d e s  u ni q u e  attri b ut es  of  a  m at eri al. 5 5  
B asi c all y,  i n o s cill at or y  t esti n g, t h e s a m pl e is m e c h a ni c all y  pr o b e d  at  v ar yi n g  
fr e q u e n ci es. In  s o  d oi n g,  t h e p ol y m er  c h ai ns  a n d  c h ai n  s e g m e nt s c a n  t h e n r es p o n d t o t h e 
e xt er n al  sti m uli. 4 7, 4 8, 5 5, 5 6   I n o s cill at or y  t esti n g, at  a  hi g h er  fr e q u e n c y, t h e st or a g e m o d ul us  
( G′) s h o ws a  pl at e a u  v al u e  ( pl at e a u m o d ul us). 5 5, 5 6   T h e  pl at e a u  v al u e  c orr el at es  wit h  t h e 
a v er a g e  m ol e c ul ar  w ei g ht  b et w e e n  e nt a n gl e m e nt s  ( M e).5 5, 5 6   H o w e v er,  at  l o w fr e q u e n c y, 
b ot h  el asti cit y  a n d  vis c o sit y  ar e  m e a s ur e d. 5 5 -5 8   At  l o w fr e q u e n c y, o n e  c a n  d et er mi n e  
p ar a m et er s  s u c h a s  st or a g e m o d ul us,  l o ss m o d ul u s,  a n d  t h e p h as e  a n gl e.   W hil e  st or a g e 
m o d ul us  ( G′/ ω) is t h e el asti cit y  r es p o ns e of  t h e m at eri al,  l o ss m o d ul us  ( G ″/ ω) is it s 
vis c o s e  r es p o ns e a n d  t h e r ati o of  G ''/G ', is k n o w n  as  p h a s e  a n gl e  or  t a n δ. 5 5, 5 6    El a sti cit y  
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c orr el at e  wit h  m ol e c ul ar  w ei g ht  di stri b uti o n a n d  vis c o sit y  c orr el at es  wit h  t h e w ei g ht  
a v er a g e  m ol e c ul ar  w ei g ht  ( Mw ).5 5, 5 6    
 
2. 2. 5  T h e r m al  a n d  P h ysi c al  P r o p e rti es  of  P L A  
As  a  t h er m o pl a sti c,  a  c h ar a ct eristi c  of  P L A  is t h at it c a n  b e  h e at e d  t o it s m elti n g  
p oi nt,  c o ol e d  a n d  r e h e at e d a g ai n  wit h o ut  si g nifi c a nt  d e gr a d ati o n;  t h us m a ki n g  it s uit a bl e 
f or r e c y cli n g i n c o ntr ast  t o t h er m o s et pl a sti cs. 2 2, 2 7 -3 0, 5 9   H o w e v er,  P L A  is r e p ort e d t o 
u n d er g o  h y dr ol yti c  d e gr a d ati o n  b el o w  t h e m elti n g  p oi nt. 3 0, 4 7, 6 0   It s p ur e  h y dr ol yti c  
d e gr a d ati o n  is t h e i n v er se  of  t h e est erifi c ati o n  r e a cti o n; i n t his pr o c ess,  t h e est er  b o n d  is 
att a c k e d  b y  w at er  m ol e c ul e s  t h at c a n  br e a k  d o w n  t h e est er  f u n cti o n al gr o u p  i nt o l a cti c 
a ci d  vi a  h y dr ol ysis. 3 0, 6 0   M a n y  f a ct or s aff e ct  t h e h y dr ol ysis  r e a cti o n, s u c h a s  w at er  
a bs or pti o n,  h u mi dit y,  a n d  a m bi e nt  t e m p er at ur e.3 0, 6 0 -6 3   As  a  s e mi cr yst alli n e  p ol y m er,  P L A  
c a n  u n d er g o  t w o st a g es of  d e gr a d ati o n: 3 0, 4 7, 6 0   Fir st,  t h e est er  b o n ds  m a y  u n d er g o  r a n d o m 
h y dr ol yti c  s cissi o n f oll o w b y  diff u si n g  w at er  m ol e c ul e s  i nt o t h e a m or p h o us  r e gi o ns of  t h e 
p ol y m er;  a s  s u c h t h e d e gr e e  of  cr yst alli nit y  i n cr e a s es as  d e gr a d ati o n  pr o c e e ds.   S e c o n dl y,  
t h e h y dr ol yti c  att a c k  o c c ur s  fr o m t h e e d g es  t o w ar ds t h e c e nt er  of  t h e cr yst alli n e  r e gi o ns 
wit h  t h e d e gr a d ati o n  of  t h e si g nifi c a nt  p orti o ns  of  t h e a m or p h o us  d o m ai n  o c c urri n g  
b ef or e  t h e cr yst alli n e  d o m ai n. 3 0, 6 0   T o  a v oi d  h y dr ol ysis  d uri n g  pr o c essi n g,  it is i m p er ati v e 
t o e ns ur e  a d e q u at e  dr yi n g  st e ps of  e v er y  c o nstit u e nt  w h e n  pr o c essi n g  P L A -b as e d  
m at eri als.  
P L A  is r e p ort e d t o d e gr a d e  b y  u n zi p pi n g  d e p ol y m eri z ati o n  a n d  r a n do m  s cis si o n 
r e a cti o ns u p o n  h e ati n g  i n air. 3 0, 6 0 -6 3   T h e  r a n d o m s cis si o n r e a cti o ns i n cl u d e cis -
eli mi n ati o n,  o xi d ati v e  d e gr a d ati o n,  i ntr a- a n d  i nt er m ol e c ul ar tr a ns est erifi c ati o n, a n d  
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h y dr ol ysis. 3 0, 6 0, 6 2, 6 3   R esi d u al  m o n o m er s  a n d  c at al yst s,  a cti v e  c h ai n -e n d  g r o u ps, a n d  ot h er  
i m p uriti e s c a n  i n cr e a s e t h e t h er m al d e gr a d ati o n  of  P L A  d uri n g  m elt  pr o c essi n g  at  hi g h  
t e m p er at ur e, a n d  m a y  n e g ati v el y  i m p a ct t h e m ol e c ul ar  w ei g ht  of  t h e p ol y m er. 3 0, 6 0 -6 3   
T h er ef or e,  t h er e is a  hi g h  p o ssi bilit y  of  w ei g ht  l o ss, d e gr a d ati o n,  a n d  u n d esir e d  m ol e c ul ar  
w ei g ht  r e d u cti o n w h e n  pr o c essi n g  usi n g  h e at.   T h us,  t h e d et er mi n ati o n  of  t h e mi ni m u m  
pr o c essi n g  t e m p er at ur e b e c o m es  e ss e nti al  w h e n  m elt  pr o c essi n g  P L A -b a s e d  m at eri al.   
S e v er al  a n al yti c al  t e c h ni q u es c a n  b e  utili z e d  t o ass ess  w ei g ht  lo ss,  d e gr a d ati o n,  a n d  
m ol e c ul ar  w ei g ht  r e d u cti o n c a us e d  d uri n g  pr o c essi n g;  t h es e i n cl u d e th er m o gr a vi m etri c  
a n al ysis  ( T G A), m elt  fl o w, r h e ol o g y, a n d  F TI R  a n d  g as  c hr o m at o gr a p h y   
( G P C).3 0, 4 8, 4 9, 6 0 -6 6        
I n c or p or ati o n of  r ei nf or c e m e nt s i n P L A  c a n  si g nifi c antl y  aff e ct  it s p h ysi c al  
pr o p erti e s  s u c h as  h y dr o p h o bi cit y,  pr o c ess a bilit y,  m elti n g  t e m p er at ur e ( Tm ), c ol d  
cr yst alli z ati o n  t e m p er at ur e ( Tc c ), gl a ss  tr a nsiti o n t e m p er at ur e ( Tg ), m e c h a ni c al  pr o p erti e s  
a n d  d e gr e e  of  cr yst alli z ati o n. 3 0, 6 7 -7 2   T h e  cr yst alli n e  o r a m or p h o us  str u ct ur es of  a  p ol y m er  
c a n  b e  i nfl u e n c e d b y  t h e pr o c essi n g  c o n diti o ns  a n d  fi n al pr o d u ct s. 3 0, 6 0, 7 0   Cr yst alli nit y  is a  
v al u a bl e  pr o p ert y.   T h e  d e gr e e  of  cr yst alli nit y,  r at e of  cr yst alli z ati o n,  a n d  cr yst alli z ati o n  
d e p e n d  o n  t h e m ol e c ul ar  w ei g ht  of  t h e p ol y m er,  t h er m al hist or y,  p urit y,  pr o c essi n g  
c o n diti o ns,  a n d  m or e. 3 0, 6 0, 7 0    Cr yst alli nit y  i n di c at es t h e w ei g ht  p er c e nt a g e  of  t h e 
cr yst alli n e  r e gi o ns i n t h e p ol y m er.   Cr yst alli nit y  i nfl u e n c e s m e c h a ni c al  pr o p erti es  of  t h e 
m at eri al,  n a m el y,  t e nsil e str e n gt h a n d  m o d ul us,  el a sti c  a n d  st or a g e m o d ul u s,  d a m pi n g  
f a ct or, a n d  m elti n g  p oi nt. 6 0, 6 6 -6 8    T h er ef or e,  cr yst alli nit y  is v er y  i m p ort a nt f or a n  
a p pli c ati o n  t h at r e q uir es g o o d  t o e x c ell e nt  m e c h a ni c al  pr o p erti e s.   I n s u c h a  c as e,  fill er s 
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a n d  a d diti v es  t h at a ct  as  n u cl e ati n g  a g e nt s  ar e  d esir a bl e  b e c a u s e  t h e y pr o m ot e  t h e 
d e v el o p m e nt  of  cr yst alli nit y. 3 0, 6 0   N u cl e ati n g  a g e nt s  pr o m ot e  cr yst als  gr o wt h,  a n d  t h e 
m or e  cr yst als  f or m ati o n, t h e hi g h er  t h e cr yst alli nit y,  w hi c h  aff e ct s  p ol y m er  c h ai n  
m o bilit y  vi a  r estri cti o n.3 5, 3 6, 4 9   R estri cti o n  i n t h e m o v e m e nt  of  p ol y m er  c h ai ns  r es ult s i n 
i m pr o v e d m e c h a ni c al  pr o p erti es. 3 5, 3 6, 4 9, 7 0, 7 1   I n a p pli c ati o ns  w h er e  m e c h a ni c al  pr o p erti e s  
ar e  ess e nti al,  s u c h as  s ur gi c al fi xt ur es, p a c k a gi n g,  a n d  fi b er s, cr yst alli n e  P L A  p ol y m er s  
wit h  a  T g  of  5 0  –  6 0  ℃  ar e  c o m m o nl y  us e d. 3 0, 6 0    
As  a  s e mi cr yst alli n e  p ol y m er,  P L A  h as  b ot h  a m or p h o us  a n d  cr yst alli n e  d o m ai ns , 
t h us e x hi bit s  b ot h  a  T g,  a n d  a  T m .2 8 -3 0   Gl as s  tr a nsiti o n t e m p er at ur e is a  c h ar a ct eristi c  
tr a nsiti o n o nl y  o bs er v e d  f or a m or p h o us  p h as es  w hil e  T m  is o nl y  o bs er v e d  f or cr yst alli n e  
p h a s es. 2 8 -3 0   P L A  b e h a v es  brittl e  b el o w  it s T g , a n d  t h e T g  of  m o st  gr a d es  of  P L A  r a n g e 
fr o m 3 5  t o 6 0  ℃. 3 0   T h e  T m  r a n g es fr o m 1 5 0 – 1 6 0  ℃  f or m o st  gr a d es  P L A  c o nt ai ni n g  
mi x e d  L( +) a n d D ( -) is o m er s.2 8 -3 0, 6 0   I n f act  t h at P L A  m elt s  o v er  a  r a n g e of  t e m p er at ur es, 
a  g e n er al  r ul e h as  b e e n  a d o pt e d  f or it s pr o c essi n g  t e m p er at ur e; t h at is, t h e pr o c essi n g  
t e m p er at ur e is oft e n  s et  t o a b o ut  4 0 – 5 0  ℃  a b o v e  t h e T m  t o e ns ur e  t h at t h e cr yst alli n e  
p h a s e  is e ntir el y  li q uifi e d.3 0   M e lt pr o c essi n g  is t h e m o st  c o m m o n  m et h o d  a d o pt e d  f or 
c o n v erti n g  P L A  r esi ns i nt o v ari o us  e n d  pr o d u ct s;  t h e pr o c ess  e nt ails  h e ati n g  t h e p ol y m er  
a b o v e  it s T m  d uri n g  pr o c essi n g  a n d  s h a pi n g  t h e m olt e n  p ol y m er  i nt o t h e d esir e d  s h a p e s. 3 0  
 
2. 3  C ell ul os e  a n d  C ell ul os e  N a n ofill e rs  
T h er e  is a  gr o wi n g  d e m a n d  f or t h e i m pr o v e m e nt of  bi o -b as e d  c o m p o sit es  usi n g  
r ei nf or c e m e nt s d eri v e d  fr o m r e n e w a bl e r es o ur c es t h at c a n  b e  utili z e d  i n di v er s e  
a p pli c ati o ns. 8, 1 1, 1 7, 7 3 -7 6   C ell ul o s e  is t h e e art h’s  m o st  a b u n d a nt  bi o p ol y m er  a n d  h as  
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r e c ei v e d m u c h  att e nti o n. 4 1 -4 3, 7 7   C ell ul o s e  is f o u n d i n pl a nt s,  t u ni c at es, al g a e,  a n d  
b a ct eri a. 7 7 -7 8   T h e  Fr e n c h  c h e mist  A ns el m e  P a y e n  is s ai d  t o b e  t h e fir st t o is ol at e 
c ell ul o s e,  p ol y( b et a -D -gl u c o s e),  i n 1 8 3 7,  a n d  t o i d e ntif y it s f or m ul a as  ( C6 H 1 0 O 5 )n .7 8   As  
r es e ar c h pr o gr ess e d,  it s m ol e c ul ar  str u ct ur e  w as  d et er mi n e d,  a n d  t h e m at eri al  w a s  
i d e ntifi e d as  a  p ol y m er. 7 8   Pri m aril y,  c ell ul o s e  is a  b uil di n g  m at eri al  f or pl a nt s  t h at m a k es  
u p  m o st  of  it s c ell  w alls. 7 8 -8 2   T h e  t e nsil e str e n gt h of  c ell ul o s e  is a b o ut  1 7. 8  G P a,  w hil e  
t h e el asti c  m o d ul us  of  c ell ul o s e  is a b o ut  1 3 8  G P a. 7 9 -8 2   T h e  c o m p o siti o n  of  n ati v e  
c ell ul o s e  c o nsist s  of  t w o diff er e nt  cr yst alli n e  p h a s e s  (I α a n d  I β); e a c h  p h as e  diff er s  fr o m 
t h e ot h er  b as e d  o n  t h e diff er e nt  p att er n  of  t h e i nt er- a n d  i ntr a m ol e c ul ar h y dr o g e n  b o n di n g  
wit hi n  t h e c ell ul o s e  fi brils.4 3, 7 8 -8 0   Fi g ur e  5  gi v es  t h e c h e mi c al  str u ct ur e  of  c ell ul o s e.  











Fi g u r e  5 . Ill ustr ati o n of  c ell ul o s e  c h e mi c al  str u ct ur e . 4 3  
 
C ell ul o s e  n a n o cr yst als  a n d  n a n ofi b er s  h a v e  e x c ell e nt  m e c h a ni c al,  o pti c al,  a n d  
c h e mi c al  pr o p erti e s. 4 2, 7 9, 8 1   T h e y  pr o vi d e  ri gi dit y a n d  str e n gt h t o pl a nt s  c ell  w alls,  as  is 
o bs er v e d  i n w o o d. 4 2, 7 9, 8 1   T h eir  m e c h a ni c al  pr o p ert y  h as  e n a bl e d  t h eir us e  as  r ei nf or ci n g 
fill er s i n p ol y m er  m atri c e s  t h at h a v e  i n d ustri al a p pli c ati o ns. 4 2, 7 9, 8 1   I n r e c e nt y e ar s,  m a n y  
a ut h or s  h a v e  e x pl or e d  n e w  w a ys  of  utili zi n g  c ell ul o s e  t o pr o d u c e  r e n e w a bl e a n d  
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s ust ai n a bl e  m at eri als. 8 1 -8 4   C ell ul o s e -b as e d  m at eri als  ar e  k n o w n  t o dis pl a y  a  v ari et y  of  
str u ct ur al p att er ns.   T h es e  str u ct ur al p att er ns  i n cl u d e n a n o si z e d  c ell ul o s e  w his k er s  a n d  
s p h er es,  c h ol e st eri c  s u p er str u ct ur es  c o nt ai ni n g  l o n g-r a n g e or d er,  mi cr o si z e d  c ell ul o s e  
fi n es, a n d  hi er ar c hi c al  m or p h ol o gi es  li k e r a w w o o d  w h o s e  el e m e nt s  e xt e n d  o v er  s e v er al 
l e n gt hs s c al e .8 4 -8 7   T h eir  s p e cifi c str u ct ur e  si g nifi c a ntl y d et er mi n e s  t h e c h e mi c al  a n d  
p h ysi c al  pr o p erti es  o f t h e c ell ul o s e. 8 4   
C ell ul o s e  c o nsist s  of  r e p e ati n g β  ( 1, 4)-D -gl u c o p yr a n o s e  u nit s , i n cl u di n g h y dr o g e n  
b o n ds  a n d  h y dr o x yl  gr o u ps  o n  t h e c ell ul o s e  str u ct ur e ; i n c o m m o n,  t h es e h y dr o x yl  gr o u ps  
i nfl u e n c e t h e c h e mi c al  r e a cti vit y of  t h e gl u c o p yr a n o s yl  ri n g.  T h us , e n a bli n g  t h e m ol e c ul e  
t o f or m i ntr a- a n d  i nt er m ol e c ul ar h y dr o g e n  b o n ds. 8 5 -8 8   H y dr o g e n  b o n di n g  is a  u ni q u e  
pr o p ert y  of  t h e cr yst alli n e  str u ct ur e  of  t h e c ell ul o s e  w hi c h  c o ntri b ut es  t o it s hi g h  t e nsil e 
str e n gt h a n d  m o d ul us  a n d  i ns ol u bilit y i n w at er  a n d  c o m m o n  or g a ni c  s ol v e nt s. 8 5 -8 7   
C ell ul o s e  str u ct ur es o n  t h e n a n o s c al e  c a n  b e  r ef err e d t o as  c ell ul o s e  n a n ofill er s  or  
n a n o c ell ul o s es.   T h es e  c ell ul o s e  str u ct ur es m ust  p oss e ss  at  l e a st o n e  di m e nsi o n  of  l es s 
t h a n 1 0 0  n a n o m et er s  ( n m) t o b e  c o nsi d er e d  a  n a n o m at eri al .  T h e  t hr e e wi d el y  u s e d  
n a n o c ell ul o s es  ar e  b a ct eri al  n a n o cr yst als  ( B C) ( pr o d u c e b y  b a ct eri a),  c ell ul o s e  n a n ofi b er s  
( C N Fs) a n d  c ell ul o s e  n a n o cr yst als  ( C N C s) w hi c h  ar e  is ol at e d b y  c h e mi c al  d e gr a d ati o n  of  
c ell ul o s e. 6 4, 7 9, 8 2 -8 4   G e n er all y,  C N C s  a n d  C N Fs  ar e  p r o d u c e d b y  c h e mi c al  d e gr a d ati o n  of  
w o o d  p ul ps. 6 4, 8 2   W hil e  C N F s  c a n  als o  b e  pr o d u c e d  t hr o u g h m e c h a ni c al  pr o c ess es,  C N Cs  
ar e  pr o d u c e d  b y  c h e mi c al  tr e at m e nt vi a  a ci d  h y dr ol ysis,  w hi c h  r e m o v e s t h e a m or p h o us  
d o m ai n  l e a vi n g b e hi n d  t h e cr yst alli n e  d o m ai n.   N a n o c ell ul o s es  h a v e  attr a ct e d  si g nifi c a nt  
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r es e ar c h att e nti o n  d u e  t o t h eir r e n e w a bilit y, s ust ai n a bilit y,  n o n -t o xi c f e at ur es, l o w 
d e nsit y,  hi g h  as p e ct  r ati o, a n d  e x c ell e nt  m e c h a ni c al  pr o p erti es. 7 3, 7 7, 7 9   
C ell ul o s e  n a n o cr yst als  ar e  r o d-li k e, el o n g at e d,  a n d  hi g hl y  cr yst alli n e  m at eri als.   
C N Cs  ar e  c o nsi d er e d  t h e s m all e st  str u ct ur al u nit s  i n pl a nt  fi b er s.7 9, 8 2  T h e y  d o  n ot  c o nt ai n  
a m or p h o us  r e gi o ns. C N Cs  ar e  als o  k n o w n  as  n a n o w his k er s,  n a n or o ds,  n a n o cr yst alli n e  
c ell ul o s e,  a n d  r o d-li k e c ell ul o s e  cr yst als. 8 7, 8 9, 9 0   T h e  m or p h ol o g y  of  C N Cs  ar e  d e p e n d e nt  
o n  t h e s o ur c e m at eri al,  d u e  t o diff er e nt  bi o s y nt h eti c  pr o c ess es  us e d  b y  pl a nt s  a n d  
a ni m als. 7 9, 8 1, 8 2   T h er e  is a  v a st  diff er e n c e  i n t h eir g e o m etri c al  di m e nsi o ns  s u c h as  
di a m et er  a n d  l e n gt h, w hi c h  d e p e n d  o n  t h e ori gi n  of  t h e c ell ul o s e  mi cr ofi brils  a n d  
e xtr a cti o n  c o n diti o ns.  T h e  di a m et er  is i n t h e r a n g e of  5 – 5 0  n m  a n d  l e n gt h i n t h e r a n g e of  
1 0 0 – 5 0 0  n m. 6 4 , 9 0-9 3   F or  i nst a n c e, t h e n a n o cr yst als  fr o m w o o d  ar e  a p pr o xi m at el y  3 -5  n m  
i n wi dt h  a n d  1 0 0 -2 0 0  n m  i n l e n gt h, w hil e  t h o s e fr o m b a ct eri a  ar e  a p pr o xi m at el y  1 0 -2 0  
n m  i n wi dt h  a n d  1 0 0 -3 0 0  n m  l o n g. 6 4, 9 0 -9 3     
C N F s  ar e  b u n dl es  of  str et c h e d  c ell ul o s e  c h ai ns  w hi c h  ar e  e nt a n gl e d,  fl e xi bl e a n d  
a p pr o xi m at el y  5  - 6 0  n m  i n di a m et er  a n d  s e v er al mi cr o m et er s  l o n g.6 4    C ell ul o s e  
n a n ofi b er s  c o nsist  of  alt er n ati n g  cr yst alli n e  a n d  a m or p h o us  d o m ai ns. 9 2 -9 8    U nli k e  C N Fs,  
c ell ul o s e  n a n o cr yst als  ar e  m or e  f a v or e d as  r ei nf or ci n g a g e nt s  i n p ol y m er  m atri c es.   F or  
e x a m pl e,  C N C s  h a v e  b e e n  us e d  t o pr e p ar e  hi g h  str e n gt h c o m p o sit e  m at eri als,  i n cl u di n g 
c o m p o sit es  fr o m p ol y ur et h a n e s, 3 8  p ol y pr o p yl e n e, 3 9  l o w-d e nsit y  p ol y et h yl e n e  ( L D P E).9 9   
N a n o c ell ul o s es  ar e  pr o d u c e d  c o m m er ci all y  b y  t h e s ulf uric  a ci d  h y dr ol ysis  ( S A H) of  
w o o d  p ul p,  A V A P ®  pr o c essi n g  of  w o o d  p ul p,  w o o d  c hi ps,  or  h ar v e st  r esi d u e s, T E M P O  
o xi d ati o n  of  w o o d  p ul p,  a n d  b y  e n z y m ati c  pr o c essi n g. 6 4, 7 6, 9 8   T h e  n a n o c ell ul o s e s  us e d  i n 
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t his st u d y w er e  pr o d u c e d  b y  S A H  of  w o o d  p ul p,  T E M P O  o xi d ati o n,  a n d  A V A P ®  
pr o c essi n g  of  w o o d  p ul p  b y  t h e U nit e d  St at es  D e p art m e nt  of  A gri c ult ur e  ( U S D A) F or est  
Pr o d u ct s  L a b or at or y  ( F P L) a n d  A m eri c a n  Pr o c ess  I n c. ( A PI), r es p e cti v el y.  F P L  us e d  t h e 
m et h o d  of  s el e cti v e c o n v er si o n  of  h y dr o x yl  gr o u ps  pr es e nt  o n  c ell ul o s e  s urf a c e s b y  usi n g  
c at al yti c  o xi d ati v e  pr etr e at m e nt,  w hi c h  e nt ails  a d di n g  2, 2, 6, 6 -t etr a m et h yl pi p eri di n e-1 -
o x yl  ( T E M P O) r a di c als i n w at er.   T h e  o xi d a nt s  us e d  ar e  s o di u m h y p o c hl orit e  ( N a Cl O) 
a n d  s o di u m c hl orit e  ( N a Cl O2 ).  T h e  a d diti o n  of  t h e o xi d a nt s  r es ult ed  i n t h e c o n v er si o n  of  
C 6  pri m ar y  h y dr o x yl  c ell ul o s e  gr o u ps  t o c ar b o x yl at e  gr o u ps  t hr o u g h C 6  al d e h y d e.   T h es e  
pr o c ess e d  C N Fs  w er e  dis p er s e d  i n w at er  a n d  h o m o g e ni z e d  usi n g  hi g h  pr ess ur e  a n d  
fr e e z e-dri e d.   F L P  als o  pr o d u c e d  C N Cs  vi a  s ulf uri c  a ci d  h y dr ol ysis  b y  usi n g  6 4 %  s ulf uri c  
a ci d s  t o h y dr ol y z e  a  diss ol vi n g  p ul p.   T his  m et h o d  dis s ol v es  t h e a m or p h o us  r e gi o n of  t h e 
dis s ol vi n g  p ul ps  wit h o ut  disr u pti n g  t h e cr yst alli n e  d o m ai n.   T w o  st a g es of  dil uti o n  a n d  
s ettli n g  w er e  e m pl o y e d  t o r e m o v e s alt s a n d  s u g ar s t o p uri f y t h e C N C s.   T h e  r es ult e d 
C N Cs  c o nt ai n e d  s ulf o ni c a ci d  gr o u ps  t h at ar e  d e pr ot o n at e d  b y  t h e a d diti o n  of  b a s e  
pr o d u ci n g  a  n e g ati v e  c h ar g e  o n  t h e s urf a c e  of  t h e C N Cs,  w hi c h  yi el d e d  t o t h e f or m ati o n 
of  a  st a bl e s u s p e nsi o n.   T h e  m at eri al  w as  fr e e z e-dri e d. 6 4, 9 8   
A m eri c a n  Pr o c ess,  I n c. ( A PI) us es  t h e A V A P ®  pr o c ess  t o pr e p ar e  C N Cs  a n d  
C N F s.   T h e  A V A P ®  pr o c ess  us es  c h e mi c al  pr etr e at m e nt  of  bi o m a ss  usi n g  s ulf ur  di o xi d e  
a n d  et h a n ol  t o r e m o v e li g ni n, h e mi c ell ul o s e s,  a n d  a m or p h o us  r e gi o ns of  t h e c ell ul o s e.   
S ulf ur  di o x i d e w a s  us e d  t o s e p ar at e  c ell ul o s e  a n d  h e mi c ell ul o s es  fr o m t h e li g ni n, w hil e  
et h a n ol  s er v e d  as  t h e pr o c ess  s ol v e nt.   T h e y  us e d  t h e r e c o v er e d li g ni n as  a  s o ur c e of  
e n er g y  as  a  m e a ns  of  e n er g y  s elf-s uffi ci e n c y.   T h e  b y -pr o d u ct s,  dis s ol v e d  li g ni n, a n d  
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s u g ar s w er e  r e m o v e d fr o m t h e c h e mi c all y  f or m e d fi brils c ell ul o s e  p ul p  b y  w a s hi n g.   
Aft er  t h at, t h e p ul p  w a s  bl e a c h e d  t o o bt ai n  p ur e  c ell ul o s e,  a n d  t h e l e ast a m o u nt  of  
m e c h a ni c al  e n er g y  is a p pli e d  t o a c hi e v e  C N C s  a n d  C N Fs.   T h e  s a m pl e s w er e  t h e n fr e e z e-
dri e d  or  s pr a y-dri e d. 7 6   
 
2. 4  C o m p ati bili z ati o n  of  Fill e rs  i n P ol y m e r  C o m p osit es  
I m pr o vi n g t h e i nt er a cti o n or  i nt erf a ci al a d h esi o n  b et w e e n  a  p ol y m er  m atri x  a n d  a  
fill er i m pr o v e s t h e pr o p erti e s  of  t h e c orr es p o n di n g  c o m p o sit e. 1 8, 1 0 0 -1 1 1   C o m p ati bilit y  
b et w e e n  a  p ol y m er  m atri x  a n d  fill er is a  k e y  f a ct or t h at aff e ct s  t h e n at ur e  a n d  pr o p erti es  
of  t h e c o m p o sit e.   F or  t his r e as o n, c o u pli n g  a g e nt s  or  c o m p ati bili z er s  h a v e  b e e n  us e d  t o 
pr o m ot e  p ol y m er -fill er i nt er a cti o ns i n bi o c o m p o sit es. 1 1 0 -1 1 4   T h e  m o st  wi d el y  us e d  
m et h o d  i n s u c h a  s yst e m is t h e us e  of  a  r e a cti v e f u n cti o n al gr o u p  t h at is c o u pli n g  a g e nt s  
t o i m pr o v e or  e n h a n c e  t h e i nt erf a ci al a d h esi o n  i n p ol y m er s -fill er s i nt er a cti o ns.7 1, 1 0 7, 1 1 0, 1 1 5   
C o u pli n g  a g e nt s  ar e  s u bst a n c es us e d  i n s m all q u a ntiti es  t o tr e at t h e s urf a c e  of  a  p ol y m er  
s o  t h at b o n di n g  o c c ur s  b et w e e n  it a n d  a n ot h er  s urf a c e,  e. g.,  w o o d,  a n d  a  t h er m o pl asti c 
a n d  c ell ul o s e  n a n ofill er s  a n d  t h er m o pl a sti cs.1 8, 8 9, 9 1    
B as e d  o n  t h e n at ur e  of  t h e m at eri als  b ei n g  pr o c ess e d,  a  c o u pli n g  a g e nt  m a y  a ct  as  
a  c o m p ati bili z er  or  a  s urf a ct a nt  or  a  c o m bi n ati o n  of  t h e t w o.1 8, 1 0 0 -1 0 5   As  a  c o m p ati bili z er,  
it s er v es as  bri d g es  b y  li n ki n g h y dr o p h o bi c  a n d  h y dr o p hili c  p ol y m er s  or  p ol y m er  a n d  
fill er; a n d  as  a  s urf a ct a nt,  it r e d u c es t h e s urf a c e  t e nsi o n b et w e e n  p h a s es. 1 8, 1 1 5 -1 2 0   C o v al e nt  
b o n di n g,  p ol y m er  c h ai n  e nt a n gl e m e nt,  a n d  hi g h  s e c o n d ar y i nt er a cti o ns, s u c h as  li k e i n 
h y dr o g e n  b o n di n g,  ar e  p o ssi bl e  m e c h a nis ms  t o bri d g e  t w o dissi mil ar  m at eri als. 1 1 8, 1 2 0    
2 3  
 
 
Gr a fti n g “ o nt o ”  is a  m et h o d  us e d  t o a d d  r e a cti v e s p e ci e s o nt o  a  p ol y m er  
“ b a c k b o n e ”  vi a  c o v al e nt  b o n di n g. 1 8   I n t his m et h o d,  a  c o u pli n g  a g e nt  r e a ct e d wit h  a  
p ol y m er  i n t h e pr es e n c e  of  a n  i nti at or.1 8, 1 0 3 -1 0 5   T h e  a d diti o n  of  r e a cti v e gr o u ps  o nt o  a  
p ol y m er  b a c k b o n e  h a s  b e e n  r e p ort e d t o i m pr o v e, p ol y m er -fill er i nt er a cti o n, a n d  
i nt erf a ci al a d h e si o n  b et w e e n  dissi mil ar  p ol y m er  m atri c es  b y  r e d u ci n g t h e i nt erf a ci al 
t e nsi o n i n a  s yst e m. 1 8, 1 1 0, 1 1 5, 1 1 6   A  t y pi c al r e a cti v e m o n o m er  us e d  i n m o st  fr e e r a di c al 
gr afti n g  is m al e i c a n h y dri d e  ( M A) a n d  it s is o str u ct ur al a n al o g. 1 1 5, 1 1 6   
M al ei c  a n h y dri d e  h as  b e e n  us e d  i n bi o p ol y m er s  pr o c essi n g  b e c a u s e  of  it s 
e x c ell e nt  c h e mi c al  r e a cti vit y, l o w t o xi cit y, a n d  l o w p ot e nti al  t o p ol y m eri z e  wit h  it s elf 
u n d er  fr e e-r a di c al gr afti n g  c o n diti o ns. 1 1 3 -1 1 7   Gr afti n g  of  m al ei c  a n h y dri d e  o nt o  a  n o n -
p ol ar  b a c k b o n e  of  t h er m o pl a sti cs ( pr e d o mi n a ntl y p ol y ol efi ns)  h a s  o v er c o m e  t h e 
dis a d v a nt a g es  ass o ci at e d  wit h  i m mis ci bilit y i n p ol y m er -p ol y m er  i nt er a cti o ns or  p ol y m er -
fill er i nt er a cti o ns.  M A  w as  f o u n d t o l o w er t h e s urf a c e  e n er g y  i n t h e p ol y m er  m atri x,  
i m pr o v e d s urf a c e  h y dr o p hili cit y,  a n d  a d h e si o n  wit h  p ol ar  p ol y m er s,  m et al,  a n d  gl ass  
fi b er s.1 1 3 -1 1 7   T h e  a d diti o n  of  M A  vi a  a  fr e e r a di c al pr o c ess  is r e p ort e d t o h a v e  e n h a n c e d  a  
p ol y m er -n a n ofill er  i nt er a cti o n pr o d u ci n g  m at eri als  wit h  e x c ell e nt  m e c h a ni c al  
pr o p erti e s. 1 1 3 -1 1 7   H o w e v er,  M A  w as  als o  r e p ort e d t o a ct  as  a  c o m p ati bili z er  a n d  
pl a sti ci z er  i n a  t h er m o pl asti c st ar c h/ p ol y(l a cti c)  a ci d  ( T P S/ P L A) bl e n ds. 1 2 1   T h e  
pr o c essi n g  of  p ol y m er  c o m p o sit es  a n d  n a n o c o m p o sit es  usi n g  i n c o m p ati bl e c o m p o n e nt s  
c a n  b e  o v er c o m e  usi n g  c o m p ati bili z er s  or  c o u pli n g  a g e nt s. 1 8, 1 1 7 -1 2 1  
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2. 5  Bi o p ol y m e rs  a n d  t h ei r S u rf a c e  M o difi c ati o n  
T h e  a c c u m ul ati o n  of  w ast e  fr o m p etr ol e u m -b as e d  p ol y m er s  h as  dri v e n  r es e ar c h t o 
d e v el o p  n e w  bi o d e gr a d a bl e  bi o p ol y m er -b as e d  m at eri als. 2 9, 4 3, 4 4, 1 0 5    C urr e ntl y,  
bi o d e gr a d a bl e  bi o p ol y m er s  a n d  bi o -b a s e d  pl asti c s  h a v e  b e c o m e  i n cr e asi n gl y i m p ort a nt 
b e c a us e  of  t h eir e c o n o mi c  a n d  e n vir o n m e nt al  a d v a nt a g es,  a n d  t h e c urr e nt  o v er -
d e p e n d e n c e  o n  f o ssil f u els.1, 5, 7   Bi o p ol y m er s ar e  s u st ai n a bl e  a n d  r e n e w a bl e m at eri als  t h at 
c a n  p ot e nti all y  b e  us e d  as  fill er s i n t h er m o pl a sti cs.1 2 2, 1 2 3   H o w e v er,  t h eir p arti cl e  si z e 
m ust  b e  r e d u c e d, a n d  t h e i nt er a cti o n b et w e e n  fill er a n d  t h er m o pl asti c s o pti mi z e d  b y  
eit h er  s el e cti o n of  a  s uit a bl e t h er m o pl asti c or  b y  t h e us e  of  c o u pli n g  a g e nt s. 1 8, 4 5, 7 1, 8 6, 1 2 0   
Bi o p ol y m er s  s u c h a s  st ar c h,  li g ni n, a n d  c ell ul o s e  ar e  fr e q u e ntl y u s e d  bi ofill er s  i n p ol y m er  
m atri c es. 1 5, 2 3, 3 3, 1 0 5   C ell ul o s e  a n d  li g ni n ar e  t h e w orl d’s  fir st a n d  s e c o n d  m o st  a b u n d a nt  
bi o p ol y m er s. 1 2 2, 1 2 3   Bi o p ol y m er s  ar e  of  i nt er est as  s u bstit ut es f or p etr ol e u m -b as e d  
m o n o m er s  t o miti g at e  t h e a c c u m ul ati o n  of  pl asti c s  i n t h e e n vir o n m e nt. 1 0 5     
C urr e ntl y,  t h e r ei nf or c e m e nt of  p ol y m er s  usi n g  n a n o si z e d  c ell ul o s e -b as e d  fill er s 
is r e c ei vi n g c o nsi d er a bl e  r es e ar c h att e nti o n. 8, 1 7, 2 0, 3 8, 4 3   C ell ul o s e  n a n ofill er s  ar e  r e p ort e d 
t o h a v e  a  hi g h  s urf a c e  ar e a,  hi g h  as p e ct  r ati o, hi g h  s p e cifi c str e n gt h a n d  m o d ul us,  l o w 
d e nsit y,  l o w c o st,  e x c ell e nt  o pti c al  pr o p erti e s,  a n d  e as y  pr o c ess a bilit y. 8, 3 6, 4 2, 4 3   H o w e v er,  
c ell u l o s e n a n ofill er s  ar e  r e p ort e d t o h a v e  s o m e dr a w b a c k s  m a ki n g  t h e m i n c o m p ati bl e 
wit h  t h e h y dr o p h o bi c  p ol y m er  m atri c e s.   T h e  m ai n  dr a w b a c ks  of  n a n o c ell ul o s es  ar e  l o w 
t h er m al st a bilit y a n d  hi g h  h y dr o p hili cit y. 6 4, 8 9, 9 1   T o  e n a bl e  b ett er  r ei nf or c e m e nt, 
dis p er si o n,  a n d  distri b uti o n  of  t h e n a n o c ell ul o s es  i n h y dr o p h o bi c  p ol y m er  s yst e ms,  
s urf a c e  m o difi c ati o ns,  s u c h as  t h e i n c or p or ati o n of  c o u pli n g  a g e nt s  or  c o m p ati bili z er s  
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h a v e  b e e n  utili z e d  yi el d  e x c ell e nt  pr o p erti es. 1 8, 4 5, 1 0 0   S urf a c e  m o difi c ati o n  is a n  e x c ell e nt  
m et h o d,  w hi c h  h as  b e e n  us e d  i n m a n y  p ol y m er  s yst e ms  t o i m pr o v e c o m p ati bilit y  i n 
p ol y m er -fill er i nt er a cti o n.1 0 1 -1 0 9   S urf a c e  m o difi e d  bi ofill er s  c a n  b e  pr o d u c e d  vi a  c o v al e nt  
b o n di n g  or  n o n -c o v al e nt  b o n di n g. 4 9, 9 1 -1 0 2, 1 2 4, 1 2 5   S urf a c e  m o difi c ati o n  c a n  p ot e nti all y  
i m pr o v e p ol y m er -fill er i nt er a cti o ns wit h  i m pr o v e d m at eri al  pr o p erti es. 1 2 6 -1 2 8   T h e  n u m b er  
of  h y dr o x yl  gr o u ps  i n h y dr o p hili c  fill er s c a n  b e  r e d u c e d b y  s urf a c e  m o difi c ati o n,  t h er e b y 
i n cr e a si n g t h eir c o m p ati bilit y  wit h  a  h y dr o p h o bi c  p ol y m er  m atri x. 1 8, 4 5   S urf a c e  
m o difi c ati o n  of  m at eri als  c a n  t a k e pl a c e  o n  t h e s urf a c e  of  a  n a n ofill er  b ef or e  
i n c or p or ati n g it i n a  p ol y m er  m atri x,  or  a  p ol y m er  c a n  b e  s urf a c e d  m o difi e d,  or  t h e 
c o m bi n ati o n  of  t h e t w o c a n  b e  p erf or m e d  t o i m pr o v e/ e n h a n c e p ol y m er -fill er 
i nt er a cti ons. 4 5, 4 9, 9 1 -1 0 2, 1 2 8   P ol y m er s  h a v e  l o n g c h ai n  str u ct ur es t h at c o nt ai n  p ot e nti al  
gr afti n g  sit e s t h at h a v e  b e e n  f u n cti o n ali z e d b y  f or mi n g c o v al e nt  b o n ds  usi n g  
est erifi c ati o n,  sil yl ati o n,  a c et yl ati o n,  or  ot h er  m et h o d ol o gi es. 1 8, 4 0, 4 5, 8 6   O n  t h e ot h er  h a n d,  
c el l ul o s e n a n ofill er s  c a n  b e  s urf a c e  c o at e d  vi a  n o n -c o v al e nt  b o n di n g.   F or  e x a m pl e,  
C N Cs  t h at h a v e  b e e n  s urf a c e  c o at e d  wit h  li g ni n h a v e  b e e n  r e p ort e d t o i m pr o v e t h e 
m e c h a ni c al  a n d  ot h er  p h ysi c al  pr o p erti es  of  t h er m o pl a sti c s s u c h as  m et h a cr yl at e,  a n d  
P L A. 3 6, 4 9 , 1 2 6  G u pt a  et  al.  r e p ort e d t h at a d diti o n  of  li g ni n-c o at e d  C N Cs  ( L-C N Cs)  t o P L A  
r es ult e d i n a  dr a m ati c  i m pr o v em e nt  of  t h e m e c h a ni c al,  r h e ol o gi c al a n d  cr yst alli z ati o n  
b e h a vi or  of  P L A/ L -C N Cs  n a n o c o m p o sit es. 3 6, 4 9   T h e  L -C N Cs  w er e  r e p ort e d t o a ct  as  b ot h  
a  n u c l e ati n g a g e nt  a n d  r ei nf or c e m e nt i n t h e P L A  m atri x. 3 6, 4 9   C ell ul o s e -b as e d  fill er s h a v e  
b e e n  s u c c es sf ull y a d d e d  t o m a n y  p ol y m er  m atri c es  s u c h as  p ol y ol efi ns  a n d  p ol y ur et h a n es  
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a n d  r e p ort e d t o i m pr o v e m e c h a ni c al  pr o p erti es. 3 8, 3 9, 9 9   Bi ofill er s  c a n  pl a y  a  cr u ci al  r ol e i n 
d e v el o pi n g  r e n e w a bl e a n d  s ust ai n a bl e  bi o pl asti c  n a n o c o m p o sit es. 1, 1 1, 1 5, 1 0 5  
 
2. 6  Bi o pl asti cs  
Bi o b a s e d  pl asti c s  ar e  oft e n  c all e d  bi o pl asti cs.   Bi o pl a sti c s  ar e  e c o -fri e n dl y 
m at eri als  b e c a u s e  t h e y ar e  m a d e  fr o m pl a nt s  or  ot h er  bi ol o gi c al  m at eri al  i nst e a d  of  cr u d e -
oil  s o ur c es a n d  ar e  bi o d e gr a d a bl e. 1, 3, 7   T h er e  ar e  s e v er al a d v a nt a g es  of  bi o pl a sti cs,  
n a m el y:   t h e y pr o vi d e  e n er g y  s a vi n gs i n pr o d u cti o n;  t h eir pr o d u cti o n  r e d u c es n o n -
bi o d e gr a d a bl e  w ast e  t h at c o nt a mi n at es  t h e e n vir o n m e nt;  t h e y r e d u c e c ar b o n  f o ot pri nt, 
a n d  d o  n ot  c o nt ai n  a d diti v e s  t h at ar e  h ar mf ul  t o h e alt h  li k e p ht h al at es  or  bis p h e n ol  A;  
t h e y als o  d o  n ot  c h a n g e  t h e fl a v or or  s c e nt  of  t h e f o o d w h e n  us e d  i n p a c k a gi n g. 1, 7, 2 9, 7 4   
Bi o pl a sti cs  h a v e  s e v er al a p pli c ati o ns  s u c h as  c o m p o st a bl e  w ast e  c ol l e cti o n b a g s,  f o o d 
tr a ys, tis s u e e n gi n e eri n g,  t o ys, s ut ur es, dis p o s a bl e  c o nt ai n er s,  bi o d e gr a d a bl e  b a g s,  a n d  
a gri c ult ur e  m at eri als. 7, 1 6, 4 6   D ur a bl e  P L A  n a n o c o m p o sit es  c a n  o v er c o m e  m a n y  
s h ort c o mi n gs i n t h e bi o pl asti c  er a.   
P L A  is a  bi o pl a sti c  a n d  a  p o ssi bl e  c a n di d at e  f or t h e r e pl a c e m e nt f or p etr ol e u m -
b a s e d  pl a sti cs  d u e  t o it s bi o c o m p ati bilit y  a n d  bi o d e gr a d a bilit y;  h o w e v er,  it n e e ds  t o b e  
m o difi e d  d u e  t o s e v er al dr a w b a c k s  s u c h as  l o w m elt  vis c o sit y  a n d  m elt  str ai n,  l o w 
st or a g e, a n d  t e nsil e m o d ul us. 1 0, 2 8, 3 0   M o difi c ati o n  of  P L A  b y  t h e r ei nf or c e m e nt wit h  bi o -
n a n ofill er s  e n a bl e s it s a p pli c ati o n  i n p a c k a gi n g  a n d  t h e bi o m e di c al  fi el d.2 8, 3 0   
C o p ol y m eri z ati o n,  bl e n di n g,  a n d  t h e a d diti o n  of  fill er s t o a  P L A  m atri x  ar e  p o ssi bl e  
m o difi c ati o n s t h at c a n  l e a d t o i m pr o v e m e nt or  e n h a n c e m e nt  of  t h er m o m e c h a ni c al, 
m e c h a ni c al,  r h e ol o gi c al, t h er m al, a n d  p h ysi c o c h e mi c al  pr o p erti es,  r e n d eri n g t h e m at eri als  
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s uit a bl e f or s e v er al a p pli c ati o ns  r a n gi n g fr o m bi o m e di c al  t o c o m m o diti es. 2 8, 3 0, 3 4, 3 5   It h as  
b e e n  s ug g est e d  t h at t h e pr e p ar ati o n  of  m o difi e d  P L A  m at eri als  l e a d t o c o st -eff e cti v e  
m at eri als  t h at m e et  m ar k et  n e e ds. 3 4, 3 0, 1 2 9 -1 3 2   It is w ort h  n oti n g  t h at n e w  P L A  
n a n o c o m p o sit es  wit h  pr o p er  r ei nf or c e m e nt c a n  si g nifi c a ntl y a d d  v al u e  t o it s a p pli c ati o ns.   
H o w e v er , t h e pr o p er  c h oi c e  of  fill er s f or t h e P L A  m atri x  is a  si g nifi c a nt  st e p  i n 
d e v el o pi n g  P L A  c o m p o sit es  or  n a n o c o m p o sit es.   C ell ul o s e  n a n ofill er s  h a v e  pr o v e n  t o b e  
e x c ell e nt  r ei nf or c e m e nt f or P L A.   F err er  et  al. 8 7  h as  r e p ort e d t h at c ell ul o s e  n a n ofill er s  
h a v e  t h e p ot e nti al  t o i m p a ct t h e c o m m o dit y  m ar k et  dr a m ati c all y , es p e ci all y  i n p a c k a gi n g.  
 
2. 7  W h y  P L A  M o difi c ati o n ?  
T h e  m o difi c ati o n  of  P L A  b y  a d di n g  fill er s a n d  n a n ofill er s  h a s  attr a ct e d  e xt e nsi v e  
r es e ar c h att e nti o n  i n t h e i n d u str y a n d  a c a d e mi c  r es e ar c h d u e  t o t h eir u ni q u e  pr o p erti es  
c o m p ar e d  t o c o n v e nti o n al  c o m p o sit es  s u c h as  l o w fill er l o a di n g a n d  i m pr o v e d 
m e c h a ni c al  pr o p erti es.   M a n y  P L A  c o m p o sit es  a n d  n a n o c o m p o sit es  h a v e  b e e n  st u di e d  
a n d  s h o w n t o h a v e  i m pr o v e d or  e n h a n c e d  pr o p erti es  r el ati v e t o n e at  P L A.   A o u at  et  al.  
d es cri b e d  P L A  a s  o n e  of  t h e m o st  r e pr es e nt ati v e bi o -b as e d,  bi o d e gr a d a bl e  p ol y m er s  
a v ail a bl e,  wit h  c o st -eff e cti v e  f e at ur es c o m p ar e d  t o p etr ol e u m -b as e d  p ol y m er s. 6 5   T h e y  
m o difi e d  P L A  usi n g  m al ei c  a n h y dri d e  gr aft e d  P L A  ( P L A-g -M A),  p ol y et h yl e n e  gl y c ol  
( P E G), a n d  c ell ul o s e  n a n o w his k er s  ( C N Ws) a n d  mi cr o cr yst alli n e  c ell ul o s e  ( M C C) a n d  
r e p ort e d t h at t h e P L A  c o m p o sit es  a n d  n a n o c o m p o sit es  e x hi bit e d  i m pr o v e d m e c h a ni c al,  
t h er m al a n d  m or p h ol o gi c al  pr o p erti e s. 6 5   T h e  o ut c o m e s  i n di c at e d t h at t h e i n c or p or ati o n of  
M C C  i n t h e P L A  m atri x  at  a n y  l o a di n g r at e is n ot  a p pr o pri at e  f or m ultifil a m e nt  fi b er s 
s pi n ni n g  w h e n  c o m p ar e d  t o c ell ul o s e  n a n o w his k er s  ( C N W) d u e  t o r estri ct e d dr a w a bilit y  
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a n d  d efi ci e nt  dis p er si o n  of  M C C  i n P L A  m atri x.   V ar g as -Vill a gr a n  et  al.  d es cri b e d  P L A  
as  a  bi o d e gr a d a bl e,  ali p h ati c  p ol y e st er,  w hi c h  c a n  b e  pr o d u c e d  fr o m r e n e w a bl e 
r es o ur c es.1 1 1   I n t h eir r es e ar c h, t h e y d es cri b e d  t h e el e ctr o s pi n ni n g  pr o c essi n g  of  P L A  a n d  
t h e eff e ct  of  t h e a d d e d  sil v er  n a n o p arti cl e  o n  t h e m or p h ol o g y  a n d  mi cr o str u ct ur e  of  t h e 
p ol y m er.  1 1 1   El e ctr o s pi n ni n g  h as  b e e n  a p pli e d  t o diff er e nt  p ol y m er s,  i n cl u di n g n yl o n,  
p ol y a mi c  a ci d,  a n d  p ol y( p -p h e n yl e n e),  as  w ell  as  bi o d e gr a d a bl e  p ol y m er s,  s u c h as  
c ell ul o s e,  c hiti n,  p ol y( et h yl e n e  o xi d e),  al gi n at e,  sil k,  c oll a g e n,  a n d  d e xtr a ns. 7 4, 1 1 1   Sil v er  
w as  s el e ct e d  d u e  t o it s w ell -k n o w n  a nti b a ct eri al  pr o p erti es. 1 1 1   T h e  c oll oi d al  sil v er  
n a n o p arti cl e s  of  1 2  n m  a v er a g e  di a m et er  w er e  s y nt h e si z e d  b y  r e a cti n g A g +  ( s alt) wit h  
B H 4 - as  t h e r e d u ci n g a g e nt  usi n g  a q u e o us  m e di u m:  
2  A g N O 3  +  2  N a B H 4  +  4  H 2 O  →  2  A g  +  2  N a N O 2  +  2  H 3 B O 3  + 5  H 2  
T h e  m e a s ur e  of  t h e w at er  c o nt a ct  a n gl e  s h o w e d  t h e sil v er  n a n o p arti cl e s  si g nifi c a ntl y 
i n d u c e d h y dr o p h o bi cit y  i n t h e m e m br a n e  as  t h e n e at  P L A  m e m br a n e  c o nt a ct  a n gl e  
m e a s ur e d  5 4 °,  a n d  t h e P L A/ A g  m e m br a n e  a n gl e  1 1 5 °. 
S o m or d  et  al.  r e p ort e d t h at P L A  r ei nf or c e d wit h  sil a n e-m o difi e d  b a ct eri al  
c ell ul o s e  ( B C) n a n o cr yst als  h a d  si g nifi c a nt  i m pr o v e m e nt i n pr o p ert y  c o m p ar e  t o t h e 
P L A/ B C  n a n o c o m p o sit es  wit h o ut  sil a n e m o difi c ati o n. 1 0 2   P L A  h a v e  b e e n  s u c c e ssf ull y 
r ei nf or c e d wit h  n at ur al  fi b er s a n d  c ell ul o s e -b a s e d  fill er s.1 2 9 -1 3 3   A v ell a  pr e p ar e d  a n d  
c h ar a ct eri z e d  n e w  P L A -b as e d  c o m p o sit es,  w hi c h  w er e  r ei nf or c e d wit h  k e n af  fi b er.1 3 1   
K e n af  fi b er s o bt ai n e d  i m pr o v e m e nt s t o t h e P L A  pr o p erti es,  i n cl u di n g m e c h a ni c al  
p erf or m a n c e,  h e at  r esist a n c e, a n d  m ol d a bilit y. 1 3 1   P ar k  pr e p ar e d  a  m o difi e d  P L A  a n d  
s o u g ht  t o c h ar a ct eri z e  t h e eff e ct  of  is ot h er m al cr yst alli z ati o n  o n  t h e M o d e  I fr a ct ur e 
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t o u g h n e ss of   P L A. 1 3 3   T h e  cr yst alli n e  str u ct ur e of  pr e p ar e d  P L A  pl at es  w as  c h ar a ct eri z e d  
b y  p ol y o x y m et h yl e n e  ( P O M).1 3 2   M o d e  I fr a ct ur e t o u g h n e ss w as  esti m at e d  at  a  q u asi -
st ati c l o a di n g r at e a n d  c orr el at e d  wit h  P O M  c h ar a ct eri z e d  cr a c k  gr o wt h  b e h a vi or. 1 3 2   
T h er e  ar e  m a n y  str at e gi e s t o i m pr o v e t h e m e c h a ni c al  pr o p erti es  of  P L A ; t h e y i n cl u d e 
r ei nf or c e m e nt, p ol y m er  bl e n di n g,  a n d  us e  of  c o u pli n g  a g e nt s. 1 3 3 -1 3 7   
 
2. 8  D e v el o p m e nt  of  M al ei c  A n h y d ri d e  G r aft e d  P L A  (M A -g -P L A)  
M al ei c  a n h y dri d e  ( M A) is c o m m o nl y  u s e d  t o pr o d u c e  u ns at ur at e d  p ol y est er  r esi ns 
a n d  m a n uf a ct uri n g  of  p h ar m a c e uti c s,  a gri c ult ur e,  pl a sti c  a d diti v es,  c o ati n g,  a n d  
s urf a ct a nt s. 1 3 5   Pri m aril y , b e n z e n e  w as  us e d  i n t h e 1 9 3 0s  f or t h e pr o d u cti o n  of  M A;  
h o w e v er,   M A  is n o w  pr o d u c e d  b y  t h e v a p or -p h as e  o xi d ati o n  of  n -B ut a n e. 1 3 5, 1 3 6   Fi g ur e  6  
ill ustr at es t h e c h e mi c al  r e a cti o n of  n -b ut a n e  o xi d ati o n  t h at yi el ds  M A.   n -B ut a n e  fr o m a  
d eis o b ut a ni z er  w as  mi x e d  wit h  air  b ef or e  b ei n g  f e d i nt o a  P a c k e d  B e d  R e a ct or  ( P B R) 
wit h  v a n a di u m  p h o s p h or us  o xi d e  ( V P O) as  a  c at al yst.   T h e  r e a cti o n is c arri e d  o ut  i n t h e 
t e m p er at ur e r a n g e of  3 5 0  t o 5 0 0  ℃  a n d  4 0  t o 2 8 0  k P a.   T h e  m ai n  pr o d u ct  is M A,  a n d  t h e 
b y -pr o d u ct s  ar e  w at er,  C O 2 , a n d  C O. 1 3 5, 1 3 6   
 
 C 4 H 1 0        +        3. 5  O 2        
V P O  →      C 4 H 2 O 3         +        H 2 O  
n -b ut a n e           o x y g e n         m ali c  a n h y dri d e        w at er  
 
C 4 H 1 0        +        5. 5  O 2         →   2  C O 2        +                   C O     +          5  H 2 O  
 n -b ut a n e           o x y g e n          c ar b o n  di o xi d e          c ar b o n  m o n o xi d e     w at er   
 
Fi g u r e  6 . T h e  c h e mi c al  r e a cti o n of  n -b ut a n e  a n d  air  t o pr o d u c e  m al ei c  a n h y dri d e .1 3 5, 1 3 6  
 
C urr e ntl y,  M A  is us e d  as  a  c o u pli n g  a g e nt  i n s e v er al p ol y m er  m atri c es  t o i m pr o v e 
or  e n h a n c e  p ol y m er -fill er i nt er a cti o n.  T h e  a d diti o n  of  M A  as  a  c o u pli n g  a g e nt  i n t h e 
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pr es e n c e  of  a  fr e e r a di c al i niti at or is w ell  d o c u m e nt e d  i n t h e lit er at ur e.1 1 2 -1 1 7   M a  et  al.  
gr aft e d  M A  o nt o  P L A  i n t h e pr es e n c e  of  st yr e n e usi n g  fr e e-r a di c al gr afti n g  i n a  t w o-st e p  
pr o c ess  a n d  r e p ort e d t h at gr afti n g  M A  o nt o  P L A  is a  p ot e nti al  m et h o d  f or P L A  
m o difi c ati o n. 1 1 6    T h e  M A  gr afti n g  m e c h a nis m  i n t h e pr es e n c e  of  st yr e n e w as  a n al y z e d  
usi n g  t h er m o gr a vi m etri c a n al ysis,  titr ati o n, a n d  i nfr ar e d s p e ctr o s c o p y.   T his  d at a  s h o w e d  
t h at t h e gr afti n g  c o n diti o ns  r e d u c e d t h e t h erm al  st a bilit y of  P L A  t o s o m e d e gr e e,  as  
e vi d e n c e d  i n a  d e cr e as e  i n d e c o m p o siti o n  t e m p er at ur e ( Td -5 % ) as  w ell  as  a  d e cr e as e  i n 
m ol e c ul ar  w ei g ht.   A o u at  pr e p ar e d  a  P L A -g -M A  a n d  t h e n us e d  it as  c o m p ati bili z er  
d uri n g  m elt  s pi n ni n g  of  P L A  wit h  a  t hr e e-w ei g ht  p er c e nt a g e  of  c ell ul o si c  fill er.6 6    
T h e  a d diti o n  of  M A  t o a  P L A -m atri x  w a s  fir st r e p ort e d b y  C arls o n  et  al. 1 1 3  a n d  
M a ni  et  al. 1 1 0,  a n d  t h e y c arri e d  o ut  t h e m a l e ati o n r e a cti o n i n a  t wi n-s cr e w  e xtr u d er.   M a ni  
et  al.  a d d e d  1  a n d  3  wt. %  M A  t o P L A  i n t h e pr es e n c e  of  diff er e nt  D C P  l o a di n g ( 0. 3 t o 1. 0  
wt. % ).  T h es e  r es e ar c h er s r e p ort e d t h at gr afti n g  of  M A  t o P L A  w as  s u c c es sf u l; h o w e v er,  
a  l o w gr aft  a d diti o n  w as  o bs er v e d  wit h  t h e a m o u nt  of  ~  0. 5  wt. %  p er o xi d e . T h e  
r es e ar c h er s als o  r e p ort e d a  si g nifi c a nt  c h ai n  s cis si o n a n d  d e gr a d ati o n  of  t h e P L A  as  
w ell .1 1 0  
L at er,  Z h a n g  et  al.  als o  pr e p ar e d  M A  gr aft e d  P L A  ( P L A-g -M A)  a n d  i n c or p orat e d  
it i n a  P L A/st ar c h  m atri x. 3 3   T h e y  r e p ort e d t h at t h e el o n g ati o n  at  br e a k  a n d  t e nsil e 
str e n gt h of  P L A/st ar c h  c o m p o sit es  w er e  i m pr o v e d r el ati v e t o t h at of  t h e n e at  r esi n.3 3   I n 
2 0 0 7,  H u n e a ult  et  al.  a g ai n  i n v esti g at e d t h e eff e ct  of  P L A -g -M A  i n P L A/t h er m o pl a sti c  
st ar c h ( T P S) bl e n ds  a n d  r e p ort e d t h at it s us a g e  as  a  c o m p ati bili z er  l e d t o a n  i m pr o v e d 
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dis p er si o n  of  t h e fill er i n t h e P L A -m atri x  yi el di n g  i m pr o v e d pr o p erti es  li k e t h e r at e of  
cr yst alli z ati o n. 1 3 4     
D z ul -C er v a nt es  et  al.  e x a mi n e d  t h e eff e ct  of  mi cr ofi brill at e d  h e n e q u e n  c ell ul o s e  
( H E N C E L) a n d  P L A -g -M A  c o u pli n g  a g e nt  o n  t e nsil e, fl e x ur al, a n d  i m p a ct m e c h a ni c al  
pr o p erti e s  a n d  h e at  d efl e cti o n  t e m p er at ur e ( H D T) of  bi o d e gr a d a bl e  P L A  c o m p o sit es.   
T h e y  f o u n d t h at t h e l o a di n g of  M A  a n d  H E N C E L  h a d  a  st atisti c all y si g nifi c a nt  eff e ct  o n  
t h e fl e x ur al, t e nsil e, i m p a ct, a n d  H D T  pr o p erti es  of  bi o d e gr a d a bl e  P L A  c o m p o sit es.   
Fi g ur e  7  s h o ws t h e r e a cti o n s c h e m e f or P L A  a n d  M A  i n di b e n z o yl  p er o xi d e  ( D B P O)1 1 6  
b ut,  t his st u d y us e d  D C P  as  t h e i niti at or a n d  l at er re a ct e d  wit h  C N C s,  s e e A p p e n di x  A  f or 
t h e c h e mi c al  r e a cti o n. 
    
Fi g u r e  7 . Ill ustr ati o n of  r e a cti o n s c h e m e f or P L A  a n d  M A  i n di b e n z o yl  p er o xi d e  
( D B P O).1 1 6  
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T h e  d e v el o p m e nt  of  M A -g -P L A/ n a n o c o m p o sit es  a n d  c o m p o sit es  h a s  b e e n  c arri e d  
o ut  usi n g  t w o-st e p  pr o c essi n g.   I n t h e fir st st e p  pr o c ess,  M A  is gr aft e d  o nt o  t h e b a c k b o n e  
of  t h e p ol y m er  i n t h e pr es e n c e  of  a  fr e e r a di c al i niti at or, pr o d u ci n g  m al e at e d  P L A  or  M A -
g -P L A  (s e e Fi g ur e  7).   T h e n,  i n t h e s e c o n d  st e p  pr o c ess,  t h e M A -g -P L A  a d d e d  t o t h e 
P L A/ n a n ofill er  or  fill er yi el di n g  M A -g -P L A/ n a n o c o m p o sit es  or  c o m p o sit es,  
r es p e cti v el y.1 1 6   I nt er esti n gl y, t his st u d y d es cri b es  t h e d e v el o p m e nt  of  r ei nf or c e d M A -
m o difi e d  P L A/ c ell ul o s e  n a n o c o m p o sit es  i n a  o n e -st e p  i n-sit u m elt  pr o c essi n g.   I n t his 
pr o c essi n g,  M A  w a s  a d d e d  t o t h e P L A  i n t h e pr es e n c e  of  di c u m yl  p er o xi d e  ( D C P), a n d  
t h e c ell ul o s e  n a n ofill er s  w er e  a d d e d  t o pr o d u c e  m al e at e d  P L A  c ell ul o s e  n a n o c o m p o sit es . 
 
2. 8. 1  C o m p ati bilit y  a n d  Pl asti ci z ati o n  E ff e ct of  M al ei c  A n h y d ri d e  G r aft e d  P ol y m e rs  
M al ei c a n h y dri d e is r e p ort e d t o a ct as a c o m p ati bili z er i n p ol y m er-fill er 
i nt er a cti o n or pl a sti ci z er i n a p ol y m er-fill er s yst e m s u c h as p ol y ol efi ns a n d 
el a st o m er s. 1 8, 1 0 7, 1 1 4, 1 2 0, 1 2 1   It s c o m p ati bilit y eff e ct o n p ol y m er bl e n ds/ c o m p o sit es h a v e 
b e e n r e p ort e d t o i n cr e a s e i nt erf a ci al i nt er a cti o n, t h er e b y i m pr o vi n g t h e m e c h a ni c al 
pr o p ert y of t h e m at eri al.  1 3 9 -1 4 6   It is ass u m e d  t h at t h e c o m p ati bili z er  s er v e s as  a  bri d g e  
li n ki n g p ol y m er -p ol y m er  i n bl e n ds  or  p ol y m er -n a n ofill er  i n t h e n a n o c o m p o sit e,  cr e ati n g  
a  str o n g  i nt erf a ci al i nt er a cti o n.  Str o n g  i nterf a ci al  i nt er a cti o n i n p ol y m er -fill er s yst e ms 
h a s  b e e n  r e p ort e d t o cr e at e  a  b us h -li k e p ol y m er -fill er n et w or k  b y  cr o ssli n ki n g  p ol y m er  t o 
fill er c h ai ns. 1 4 6    I n t h e b us h -li k e n et w or k,  t h er e c o ul d  b e  p ol y m er -fill er i nt er a cti o n, 
p ol y m er -p ol y m er  i nt er a cti o ns, a n d  fil er-fill er i nt er a cti o n.1 4 6    
O n t h e ot h er h a n d, as a pl a sti ci z er, it m a y r e d u c e i nt erf a ci al i nt er a cti o ns i n a 
p ol y m er -fill er s yst e m, t h er e b y si g nifi c a ntl y r e d u ci n g it s m e c h a ni c al pr o p ert y. 1 8, 1 2 0, 1 1 4   
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Pl asti ci zi n g r es ult s i n s oft e ni n g a p ol y m er b y i n cr e asi n g it s c h a i n fl e xi bilit y, t h us 
i n cr e a si n g it s c h ai n m o bilit y.1 0 7, 1 1 9   M o d est a d diti o n of pl asti ci z er t o p ol y m er m atri x 
c o ul d r e d u c e gl a ss tr a nsiti o n a n d p o siti v el y i m pr o v e pr o c essi n g; b ut, i n cr e asi n g a n 
a m o u nt of pl asti ci z er m a y n e g ati v el y i m p a ct pr o c essi n g vi a d e gr a d ati o n or c h ai n 
s cissi o ns, r es ulti n g i n l o w m e c h a ni c al pr o p erti es, t h er m al, a n d ot h er p h ysi c al 
pr o p erti e s. 1 6, 4 6, 1 0 7, 1 1 9     
I n t h e lit er at ur e, b ot h c o m p ati bilit y a n d pl a sti ci z ati o n eff e ct of m al ei c a n h y dri d e 
o n p ol y o l efi ns bl e n ds/ n a n o c o m p o sit es, i n cl u di n g el a st o m eri c s yst e ms, h a v e b e e n 
e xt e nsi v el y st u di e d usi n g r h e ol o g y , u nli k e P L A.1 4 3 -1 4 5   R h e ol o g y is es s e nti al i n a c c es si n g 
p ol y m er -fill er i nt er a cti o n a n d str u ct ur e-pr o p ert y r el ati o ns hi p i n a m olt e n st at e. 1 3 9, 1 4 3 -1 4 5   It 
is v er y s e nsiti v e t o s m all c h a n g e s in p ol y m er str u ct ur es d uri n g pr o c essi n g. 5 5, 1 4 2    
Li k e i n a cl a ssi c al M A -gr aft e d p ol y ol efi ns s yst e m c o nsisti n g of c ell ul o s e -b as e d 
fill er s or bl e n d s, t h e c o m p ati bilit y eff e ct of m al ei c a n h y dri d e is d et er mi n e d t o b e at l o w-
M A c o n c e ntr ati o n usi n g t h e r h e ol o gi c al t e c h ni q u e. 1 1 5, 1 4 7   Als o, hi g h M A c o n c e ntr at e d 
m at eri als r es ult e d i n w e a k i nt erf a ci al i nt er a cti o ns b e c a us e, d uri n g pr o c essi n g, t h eir i n -sit u 
mi cr o str u ct ur al c o m p ati bili z er f ail e d t o p o siti o n t h e ms el v es at t h e i nt erf a c es b et w e e n t h e 
p ol y m er a n d t h e fill er. 1 1 5   St u di es  h a v e s h o w n t h at t h e r h e ol o gi c al pr o p erti e s of m al e at e d 
p ol y ol efi ns bl e n ds/ n a n o c o m p o sit es  d e p e n d o n M A c o m p o siti o n, gr afti n g, a n d t h eir i n -
sit u mi cr o str u ct ur al u nit s d uri n g pr o c essi n g. 1 1 5   Diff er e nt t y p e s of mi cr o str u ct ur al u nit s 
ar e r e p ort e d t o aff e ct t h e r h e ol o gi c al pr o p erti es of p ol y m er bl e n d s a n d 
n a n o c o m p o sit es. 5 0, 5 4, 5 5, 1 1 5, 1 4 2   Z h a n g et al .1 4 7  r e p ort e d t h at p ol y( eth yl e n e -pr o p yl e n e 
c o p ol y m er s) -gr aft e d M A, e x hi bit e d si g nifi c a nt i m pr o v e m e nt i n r h e ol o gi c al a n d 
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m e c h a ni c al pr o p erti es d u e t o t h eir gr aft e d i n -sit u mi cr o str u ct ur al u nit s.  T h e y st at e d t h at a 
d et ail e d k n o wl e d g e of t h e n at ur e of t h es e gr aft e d u nit s is es s e nti al  f or i m pr o vi n g t h e 
m al ei c a n h y dri d e gr aft e d m at eri al.  Fi g ur e 8  (I - III) ill ustr at es t h e n at ur e of t h e gr aft e d-
M A o n t h e p ol y m er b a c k b o n e ,1 4 7  w hi c h i n cl u d es: is ol at e d a n h y dri d e u nit s, oli g o -











Fi g u r e 8 . Ill ustr ati o n of gr aft mi cr o str u ct ur es i n p ol y( et h yl e n e -c o -P) -g -M A; 
mi cr o str u ct ur e I, mi cr o str u ct ur e II a n d mi cr o str u ct ur e III.1 4 7  
 
 
A s s h o w n i n Fi g ur e 8 , mi cr o str u ct ur al (I) ass o ci at es wit h t h e f or m ati o n of si n gl e 
s at ur at e d s u c ci ni c a n h y dri d e, w hi c h m o stl y r e s ult s i n a n e w e st er p e a k f or m ati o n i n t h e 
bl e n d s or n a n o c o m p o sit es. 1 4 7   Mi cr o str u ct ur e I is s h ar e d i n a c o m p ati bili z e d s yst e m 
c o nt ai ni n g str o n g i nt erf a ci al i nt er a cti o ns. 1 4 7   Mi cr o str u ct ur al (II) ill ustr at es t h e f or m ati o n 
of a n oli g o m eri c or  p ol y m eri c gr aft e d M A w hi c h is us u all y a ss u m e d t o r es ult t o t h e 
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br a n c h e d -c h ai n f or m ati o n i n t h e m al e at e d p ol y m er m at eri al; w hil e mi cr o str u ct ur al (III) 
dis pl a y e d a str u ct ur e w h er e M A is att a c h e d t o t h e b a c k b o n e as b ot h i n di vi d u al a n d cl ust er 
u nit s t h us l e a v i n g f e w er sit es f or fill er bi n di n g.1 4 7     
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C H A P T E R  3  
E X P E RI M E N T A L  M E T H O D  
 
3. 1  M at e ri als  
A  c o m m er ci al  gr a d e  of  P L A,  I n g e o 4 0 4 3 D  wit h  M FI  of  6.  g/ 1 0  mi n  a n d  d e nsit y,  
1. 2 4  g/ m L  w a s  pr o vi d e d  b y  N at ur e W or ks  L L C,  Mi n n et o n k a,  M N.   T h e  4 0 4 3 D  is a  s e mi-
cr yst alli n e  g e n er al -p ur p o s e  fil m gr a d e  us e d  f or fil m a n d  c ar d  pr o d u cti o n  t h at is a v ail a bl e  
c o m m er ci all y  i n p ell et  f or m.1 4 8   S a m pl es  of  fr e e z e-dri e d  c ell ul o s e  n a n o cr yst als  ( C N C s) 
pr o d u c e d  b y  s ulf uri c  a ci d s  h y dr ol ysis  ( S A H) a n d  c ell ul o s e  n a n ofi b er s  ( C N F s) pr o d u c e d  
vi a  t h e T E M P O  pr o c ess  w er e  pr o vi d e d  b y  t h e U S D A  F or est  Pr o d u ct s  L a b or at or y  ( F P L), 
M a dis o n,  WI .  F P L  pr e p ar e d  t h e C N Cs  a n d  C N Fs  fr o m diss ol vi n g  p ul ps  a n d  e u c al y pt us  
dr y -la p  c ell ul o s e  fi b er s, r es p e cti v el y.6 4, 9 8  
Fr e e z e -dri e d  C N Cs,  li g ni n c o at e d  C N Cs,  a n d  C N F s  pr o d u c e d  vi a  A V A P ®  pr o c ess  
w er e  pr o vi d e d  b y  A m eri c a n  Pr o c ess  I n c. ( A PI), Atl a nt a,  G A.   A PI  pr e p ar e d  t h e C N Cs  
fr o m e u c al y pt us  p ul p  a n d  C N F s  fr o m e u c al y pt us  w o o d  c hi ps. 7 6   M al ei c  a n h y dri d e  ( M A) 
( 9 8. 9 % p urit y)  a n d  di c u m yl  p er o xi d e  ( D C P) ( 9 9. 9 % p urit y)  w er e  pr o c ur e d  fr o m Si g m a  
Al dri c h,  St.  L o uis,  M O.  
 
3. 2  D r yi n g  a n d  St o r a g e  of  M at e ri als  
P L A  p ell et s  w er e  dri e d  at  9 0  ℃  f or 2  h  b ef or e  us e,  a n d  all  c ell ul o s e  n a n ofill er s  
w er e  dri e d  at  4 5  ℃  f or 4 8  h  b ef or e  us e.   M al ei c  a n h y dri d e  w as  dri e d  i n a  dr yi n g  o v e n  at    
3 0. 4  ℃  f or 4 8  h  b ef or e  us e.   T h e  dr yi n g  st e p  w as  c arri e d  o ut  b ef or e  m elt  mi xi n g  t o a v oi d
3 7  
 
 
d e gr a d ati o n  d uri n g  pr o c essi n g.   Aft er  pr o c essi n g,  s a m pl e s w er e  t a k e n o ut  of  t h e mi xi n g  
b o wl  a n d  k e pt  i n a  d esi c c at or.   B ef or e  c o m pr essi o n  m ol di n g  s a m pl e s w er e  t a k e n o u t of  
t h e d esi c c at or  a n d  k e pt  at  3 0. 4  ℃  i n t h e dr yi n g  o v e n  t o a v oi d  m oist ur e  u pt a k e  f or a  d a y;  
t h e n, t h e y w er e  l at er k e pt  o n  t o p of  t h e c h a m b er  i nsi d e t h e W a b a s h  G 3 0 H -1 5 -C P X  h ot  
pr ess  d uri n g  c o m pr e ssi o n  m ol di n g.   Aft er  c o m pr es si o n  m ol di n g,  all  s a m pl e s w er e  k e pt  i n 
a  d esi c c at or  u ntil  c h ar a ct eri z e d.    
 
3. 3  P r o c e s si n g  
All  n a n o c o m p o sit es  w er e  pr e p ar e d  b y  m elt  mi xi n g  usi n g  H A A K E  R h e o c h or d  9 0  
m elt  mi x er  wit h  t h e mi x er  s p e e d  of  4 0  r p m a n d  a  s et  t e m p er at ur e of  1 4 0  o C.   S a m pl e  
mi xt ur es  w er e  a d d e d  t o t h e mi xi n g  b o wl  p orti o n -wis e  o v er  ~  1 mi n  a n d  t h e n mi xi n g  w as  
c o nti n u e d  f or a n  a d diti o n al  1 0  mi n,  d uri n g  w hi c h  ti m e t h e t e m p er at ur e i n cr e a s e t o 1 6 0  
℃.   T h e  s a m pl e w a s  r e m o v e d fr o m t h e mi xi n g  b o wl  a n d  st or e d, as  d es cri b e d  i n s e cti o n 
3. 2.   N e at  P L A  a n d  t h e n a n o c o m p o sit es  w er e  c o m pr essi o n  m ol d e d  i nt o fl at p a n els  
( 1 7. 5 m m x  1 3.  m m  x  3.  m m)  usi n g  a  ‘ pi ct ur e fr a m e’ t o ol i n a  W a b a s h  G 3 0 H -1 5 -C P X  h ot  
pr ess  u n d er  a  pr ess ur e  of  5  t o ns at  1 7 0  ℃.      
 
3. 3. 1  P r o c essi n g  N e at  P L A  
Dri e d  P L A  p ell et s,  6 6. 0  g,  w er e  a d d e d  p orti o n -wis e  o v er  ~ 1  mi n  t o t h e m elt  
mi xi n g  b o wl  of  t h e H A A K E  R h e o c h or d  9 0  wit h  a  s et  t e m p er at ur e of  1 4 0  ℃  wit h  r ot ati n g 
s p e e d  of  4 0  r p m a n d  t h e n all o w e d  t o mi x  f or 1 0  a d diti o n al  d uri n g  w hi c h  ti m e t h e s a m pl e 
h e at e d  u p  t o 1 6 0  ℃.   Aft er  pr o c essi n g,  t h e s a m pl e w as  t a k e n o ut  of  t h e mi xi n g  b o wl  a n d  
k e pt  i n a  d esi c c at or  u ntil  us e d.   
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3. 3. 2  P r e p a r ati o n  of  P L A/ 0. 5  wt. %  C N C  N a n o c o m p osit es  wit h  0. 0 1 2 5  wt. %  M A  a n d  
V a ri o u s  D C P  L o a di n g  
 
M A -P L A D 0/ C N C s  ( s a m pl e wit h o ut  D C P)  w as  pr e p ar e d  b y  a d di n g  6 5. 7  g  P L A  
p orti o n -wis e  o v er  ~  1  mi n  t o H A A K E  R h e o c h or d  9 0  m elt  mi x er  s et  t o 1 4 0  ℃  a n d  4 0  r p m 
a n d  all o w e d  t o mi x  f or a n  a d diti o n al  2  mi n  d uri n g  w hi c h  ti m e t h e t e m p er at ur e i n cr e as e d 
t o 1 6 0  ℃.   T h e n,  M A,  0. 0 1 0  g,  w as  a d d e d  a n d  all o w e d  t o mi x  f or 3  mi n,  aft er  w hi c h  0. 3 3  
g  C N Cs  w er e  a d d e d,  a n d  t h e mi xt ur e  w as  mi x e d  f or a n  a d diti o n al  6  mi n.   Aft er  
pr o c essi n g,  t h e s a m pl e w as  t a k e n o ut  of  t h e mi xi n g  b o wl  a n d  st or e d i n a  d esi c c at or.  
P L A/ 0. 5  wt. %  C N C/ 0. 0 1 2 5  wt. %  M A  wit h  0. 1 7 2,  0. 3 7 2,  0. 5 7 2,  0. 7 7 2,  a n d  0. 9 7 2  
wt. %  D C P  l o a di n g w er e  pr e p ar e d  b y  a d di n g  D C P  a n d  P L A  i n t h e a m o u nt s  s h o w n i n 
T a bl e  1  t o t h e mi xi n g  b o wl  i n a  si mil ar  m a n n er  t o t h at d es cri b e d  a b o v e.   W h e n  
pr o c essi n g  diff er e nt  l o a di n g of  D C P,  P L A  p ell et s  w er e  a d d e d  t o t h e mi xi n g  b o wl  a n d  
all o w e d  t o mi x  f or 2  mi n  d uri n g  w hi c h  ti m e t h e t e m p er at ur e i n cr e a s e d t o 1 6 0  ℃ , t h e n 
D C P  w as  a d d e d,  a n d  t h e mi xt ur e  m elt  mi x e d  f or 1  mi n.   T h e n,  0. 0 1 0  g  M A  w as  a d d e d  t o 
t h e mi xt ur e  a n d  all o w e d  t o mi x  f or a n ot h er  2  mi n  a n d  t h e n, 0. 3 3  g  of  C N Cs  w a s  a d d e d  t o 
t h e mi x er  a n d  mi xi n g  c o nti n u e d  f or a n ot h er  6  mi n.   Aft er  a  f ull 1 1  mi n  el a ps e d,  s a m pl es 
w er e  r e m o v e d fr o m t h e mi xi n g  b o wl  f or c o m pr es si o n  m ol di n g  a n d  c h ar a ct eri z ati o n  ( s e e 
3. 3  f or c o m pr es si o n  m ol di n g).   T a bl e  1  pr es e nt s  t h e v ari o us  m a ss es  of  P L A,  D C P,  M A,  
a n d  C N C s  us e d.  
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T a bl e  1 . M ass  i n G r a ms of  P L A,  D C P,  M A,  a n d  C N Cs  i n P r o c essi n g P L A/ 0. 5  wt. %  
C N C/ 0. 0 1 2 5  wt. %  M A  wit h  V ari o us  D C P  L o a di n g  
 
 C o m p ositi o n  
 
S a m pl e  D esi g n ati o n  
P L A  
( g) 
D C P  
( g) 
M A  
( g) 
C N C s  
( g) 
N e at  P L A  6 6. 0  - - - 
0 1 M A -P L A D 0/ C N C s  6 5. 7  - 0. 0 0 8 3 5  0. 3 3 1  
0 1 M A -P L A D 1/ C N C s  6 5. 6  0. 1 1 4  0. 0 0 8 4 0  0. 3 3 2  
0 1 M A -P L A D 3/ C N C s  6 5. 4  0. 2 4 6  0. 0 0 8 3 5  0. 3 3 1  
0 1 M A -P L A D 5/ C N C s  6 5. 3  0. 3 7 9  0. 0 0 8 3 6  0. 3 3 1  
0 1 M A -P L A D 7/ C N C s  6 5. 2  0. 5 1 0  0. 0 0 8 3 6  0. 3 3 1  
0 1 M A -P L A D 9/ C N C s  6 5. 0  0. 6 4 2  0. 0 0 8 4 0  0. 3 3 0  
 
 
3. 3. 3  P r e p a r ati o n  of  P L A/ 0. 5  wt. %  C N Cs/ 0. 7 7 2  wt. %  D C P  wit h  V a ri o u s  M A   
L o a di n g  
 
B ef or e  m elt  mi xi n g,  P L A  p ell et s,  M A,  a n d  C N Cs  w er e  dri e d  as  d e s cri b e d  i n 3. 2.   
Pr o c essi n g  e q ui p m e nt,  c o n diti o ns,  ti m e, a n d  t e m p er at ur e w er e  si mil ar  t o t h at d es cri b e d  i n 
3. 3. 2.   P L A. 0 5  wt %  C N Cs/ 0. 7 7 wt %  D C P  wit h  0. 0 1 2 5,  0. 0 2 5,  0. 0 5,  0. 1,  0. 2 7,  0. 5 4,  1. 0 8,  
2. 1 6,  a n d  4. 3 2  wt. %  M A  w er e  pr e p ar e d  usi n g  t h e m a ss e s  of  P L A,  D C P,  M A,  a n d  C N Cs  
gi v e n  i n T a bl e  2.   D uri n g  e a c h  s a m pl e pr o c essi n g,  t h e r e q uir e d m as s  of  P L A  w as  a d d e d  
t o t h e mi xi n g  b o wl  at  a  s et  t e m p er at ur e of  1 4 0  ℃  a n d  all o w e d  t o r u n f or 2  mi n ut es,  
d uri n g  w hi c h  ti m e t h e t e m p er at ur e i n cr e as e d t o 1 6 0  ℃.   T h e n,  0. 5 1  g  D C P  w as  a d d e d  
a n d  all o w e d  t o r e a ct f or 1  mi n,  aft er  w hi c h  t h e r e q uir e d a  m as s  of  M A  w as  a d d e d  t o t h e 
mi xt ur e  a n d  all o w e d  t o mi x  f or 2  mi n,  t h e n 0. 3 3  g  C N Cs  w er e  a d d e d , a n d  t h e r e a cti o n 
c o nti n u e d  f or a n  a d diti o n al  6  mi n.   Aft er  t h e 1 1  mi n  of  t ot al pr o c essi n g  ti m e, t h e s a m pl e 
w as  t a k e n o ut  of  t h e mi x er  f or c o m pr es si o n  m ol di n g  a n d  c h ar a ct eri z ati o n,  as  d es cri b e d  i n 
s e cti o n 3. 3.  
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T a bl e  2 . M ass  i n G r a ms of  P L A,  D C P,  M A,  a n d  C N Cs  i n P r o c essi n g P L A/ 0. 5  wt. %  
C N Cs/ 0. 7 7 2  wt. %  D C P  wit h  V ari o us  M A  L o a di n g   
 
 C o m p ositi o n  
 
S a m pl e  D esi g n ati o n  
P L A  
( g) 
D C P  
( g) 
M A  
( g) 
C N C s  
( g) 
N e at  P L A  6 6. 0  - - - 
0 1 M A -P L A D 7/ C N C s  6 5. 2  0. 5 1 0  0. 0 0 9 1 0  0. 3 3 3  
0 2 M A -P L A D 7/ C N C s  6 5. 1  0. 5 1 1  0. 0 1 6 7  0. 3 3 5  
0 5 M A -P L A D 7/ C N C s  6 5. 1  0. 5 1 1  0. 0 3 4 0  0. 3 3 4  
1 M A -P L A D 7/ C N C s  6 5. 1  0. 5 1 1  0. 0 6 6 1  0. 3 3 2  
2 M A -P L A D 7/ C N C s  6 5. 0  0. 5 1 1  0. 1 7 8  0. 3 3 4  
5 M A -P L A D 7/ C N C s  6 4. 8  0. 5 1 3  0. 3 5 6  0. 3 3 3  
1 0 M A -P L A D 7/ C N C s  6 4. 4  0. 5 1 2  0. 7 1 5  0. 3 3 2  
2 1 M A -P L A D 7/ C N C s  6 3. 7  0. 5 1 4     1. 4 4  0. 3 3 4  
4 3 M A -P L A D 7/ C N C s  6 2. 3  0. 5 1 5     2. 8 5  0. 3 3 5  
 
3. 3. 3. 1  P r e p a r ati o n  of  Q u e n c h e d  a n d  A n n e al e d  S a m pl e s  of  M ost  P r o misi n g  M A  
L o a di n g  N a n o c o m p osit e  
 
C o m pr e ssi o n -m ol d e d  q u e n c h e d  a n d  a n n e al e d  p a n els  of  P L A/ 0. 5  wt. %  C N Cs  wit h  
0. 0 1 2 5  wt. %  M A  a n d  0. 7 7 2  wt. %  D C P  w er e  pr e p ar e d  t o t est t h e p h ysi c al  a n d  m e c h a ni c al  
pr o p erti e s  as  a  f u n cti o n of  t h er m al hist or y.   O n e  p a n el  w as  q u e n c h e d  b y  r e m o vi n g fr o m 
t h e h ot -pr ess  a n d  r a pi dl y c o ol e d  b y  pl a ci n g  t h e m ol di n g  t o ol b et w e e n  t w o m et al  bl o c ks  
pr e -c o ol e d  t o –  1 5  ℃  a n d  t h e ot h er  p a n el  w as  a n n e al e d  b y  h e ati n g  t o 8 0  ℃  f or 2  h.  
 
3. 3. 3. 2  P r e p a r ati o n  of  0 1 M A -P L A D 7/ C ell ul os e  N a n o c o m p osit es  u si n g  H 2 S O 4   
H y d r ol ysi s  ( S A H) C N Cs,  T E M P O  C N Fs,  a n d  A V A P ®  P r o c e ss e s  at  t h e 
P r o mi si n g  D C P  a n d  M A  L o a di n g  a n d  C o n st a nt  N a n ofill e r  L o a di n g  
 
0 1 M A -P L A D 7/ c ell ul o s e  n a n o c o m p o sit es  w er e  pr e p ar e d  b y  a d di n g  0. 0 1 0  g  M A,  
0. 5 1  g  D C P,  a n d  0. 3 3  g  of  e a c h  n a n ofill er  t o a  P L A  m atri x  li k e t h at d es cri b e d  i n 3. 3. 3.   A  
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t ot al of  6 6. 0  g  m at eri al  w as  a d d e d  t o t h e H A A K E  R h e c or d  9 0  f or e a c h  pr o c essi n g  ti m e, 
as  list e d i n T a bl e  2.   All  n a n o c o m p o sit es  a n d  c o m pr essi o n -m ol d e d  s a m pl e s w er e  st or e d  
u n d er  t h e s a m e c o n diti o ns  a s  d es cri b e d  i n 3. 3.   T h e  s a m pl e s w er e  d esi g n at e d  as  0 1 M A -
P L A D 7/ C N C s ( S A H), 0 1 M A -P L A D 7/ C N C s ( A V A P), 0 1 M A -P L A D 7/ L -C N Cs ( A V A P), 0 1 M A -
P L A D 7/ C N Fs ( A V A P), a n d  0 1 M A -P L A D 7/ C N Fs ( T E M P O). 
 
3. 3. 3. 3  P r e p a r ati o n  of  0 1 M A -P L A D 7/ C N Cs ( S A H)/ P L A  
T w o  s a m pl es of  0 1 M A -P L A D 7/ C N Cs ( S A H) w er e  pr e p ar e d  i n a  m att er  si mil ar  t o 
t h at d es cri b e d  i n 3. 3. 3.   Aft er  pr e p ar ati o n,  t h e t hr e e s a m pl e s,  li k e 1 3. 2,  2 6. 4,  a n d  3 9. 6  g,  
w er e  w ei g ht e d  o ut  a n d  k e pt  i n a  d esi c c at or  f or a  s e c o n d  m elt  mi xi n g  st e p.   A  t ot al of  6 6. 0  
g  m at eri al  w a s  a d d e d  f or e a c h  s a m pl e i n t h e s e c o n d  m elt  mi xi n g  st e p , as  list e d i n T a bl e  3.   
T a bl e  3  h as  t h e s a m pl e d esi g n ati o n  a n d  m a ss  of  e a c h  s a m pl e.  
 
T a bl e  3 . M ass  i n G r a ms of  P L A  a n d  0 1 M A -P L A D 7 / C N Cs( S A H) 
 
 C o m p ositi o n  
 
S a m pl e  D esi g n ati o n  
P L A  
( g) 
0 1 M A -P L A D 7/ C N C s ( S A H) 
( g) 
N e at  P L A  6 6. 0  - 
2 0/ 8 0 0 1 M A -P L A D 7/ C N C s/ P L A  5 2. 8  1 3. 2  
4 0/ 6 0 0 1 M A -P L A D 7/ C N C s/ P L A  3 9. 6  2 6. 4  
6 0/ 4 0 0 1 M A -P L A D 7/ C N C s/ P L A  2 6. 4  3 9. 6  
 
F or  t h e s e c o n d  m elt  mi xi n g  st e p,  t hr e e s a m pl es w er e  pr e p ar e d,  a n d  w ei g h e d -o ut  i n 
t h e r ati o of  2 0/ 8 0,  4 0/ 6 0,  a n d  6 0/ 4 0  of  0 1 M A -P L A D 7/ C N Cs ( S A H)/ P L A.  I n pr e p ari n g  e a c h  
s a m pl e,  a n  a p pr o pri at e  a m o u nt  of  dri e d  P L A  w as  a d d e d  t o t h e mi xi n g  b o wl  p orti o n -wis e  
at  a  s et  t e m p er at ur e of  1 4 0  ℃  a n d  4 0  r p m; P L A  w as  all o w e d  t o mi x  f or 2  mi ns,  d uri n g  
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w hi c h  ti m e t h e t e m p er at ur e i n cr e as e t o 1 6 0  ℃.   T h e n  aft er w ar d,  t h e w ei g h e d -o ut  a m o u nt  
of  0 1 M A -P L A D 7/ C N Cs ( S A H) ( 1 3. 2, 2 6. 4,  a n d  3 9. 6  g)  w as  a d d e d,  a n d  mi xi n g  l ast e d f or 
a n ot h er  9  mi n.   A  t ot al a m o u nt  of  6 6. 0  g  m at eri al  w as  a d d e d  t o t h e mi xi n g  b o wl  f or e v er y  
s a m pl e pr o c essi n g.   S a m pl e s  o bt ai n e d  aft er  t h e s e c o n d  m elt  mi xi n g  st e p  w er e  d e n ot e d  as  
2 0/ 8 0 0 1 M A -P L A D 7/ C N Cs/ P L A,  4 0/ 6 0 0 1 M A -P L A D 7/ C N Cs/ P L A,  a n d  6 0/ 4 0 0 1 M A -
P L A D 7/ C N C s/ P L A.   T h es e  m at eri als  w er e  c h ar a ct eri z e d  a n d  t h er m of or m e d. D uri n g  
t h er m of or mi n g, e a c h  p a n el  of  a  s a m pl e w as  m o u nt e d  o n  a  pi e c e  of  fl at e q ui p m e nt  a n d  
all o w e d  t o s oft e n b y  h e ati n g  u p  t o it s s a g gi n g  p oi nt.   Aft er  w hi c h,  a  v a c u u m  w a s  
i m m e di at el y t ur n o n  a n d  t h e s oft e n e d  p a n el  w a s  pl a c e d  o n  a  c ol d  c o n c a v e  m ol d  t o h ar d e n  
E a c h  m at eri al  t o o k t h e s h a p e of  t h e m ol d  a n d  w as  r e m o v e d u p  h ar d e n e d  
 
3. 3. 4  C h a r a ct e ri z ati o n  of  M at e ri als  
3. 3. 4. 1  Diff e r e nti al  S c a n ni n g  C al o ri m et r y  ( D S C) 
D S C  a n al ysis  of  n e at  P L A  a n d  t h e n a n o c o m p o sit es  w er e  p erf or m e d  o n  a  T A  
I nstr u m e nt s Q 2 0 0 0  D S C.   E a c h  s a m pl e,  5 -7  m g,  w as  s e al e d  i n a n  al u mi n u m  p a n  a n d  
h e at e d  fr o m 2 5  ℃  t o 2 0 0  ℃  at  1 0  ℃  / mi n t h e n h el d  f or 5  mi n  at  2 0 0  ℃  t o er as e  t h er m al 
hist or y.   T h e  s a m pl e w as  t h e n c o ol e d  t o r o o m t e m p er at ur e a n d  t h e n r e h e at e d t o 2 0 0  ℃  at  
t h e r at e of  1 0  ℃  / mi n a n d  t h e t h er m o gr a m r e c or d e d.  All  D S C  s c a ns w er e  c o n d u ct e d  
u n d er  a  nitr o g e n  at m o s p h er e.    
 
3. 3. 4. 2  T h e r m al  G r a vi m et ri c  A n al ysis  ( T G A) 
T G A  of  n e at  P L A  a n d  n a n o c o m p o sit es  w er e  p erf or m e d  o n  T A  I nstr u m e nt Q 5 0.   
S a m pl es  w er e  dri e d  at  4 5  ° C  f or 2  h  b ef or e  m e as ur e m e nt.   S a m pl es,  1 1.  ±  2.  m g  w er e  
pl a c e d  i nt o a  pl ati n u m  s a m pl e p a n,  a n d  t h e p a n  w a s  s us p e n d e d  fr e el y fr o m a  h a n gi n g  
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b al a n c e.   I n g e n er al,  s a m pl es w er e  h e at e d  fr o m 2 5  ° C  t o 6 0 0  ℃   a t 1 0  ° C / mi n u n d er  
nitr o g e n.   F or  n o nis ot h er m al  ki n eti cs  st u di es,  s a m ple s  w er e  h e at e d  fr o m 2 5  t o 6 0 0  wit h  
h e ati n g  r at es of  5,  1 0,  1 5,  a n d  2 0  ° C / mi n.  T A  U ni v er s al  S oft w ar e  w as  us e d  t o a n al y z e  
t h e w ei g ht  l o ss vs.  t e m p er at ur e d at a,  a n d  Mi cr o s oft  E x c el  w a s  us e d  t o c al c ul at e  ki n eti c  
p ar a m et er s  usi n g  O z a w a -Fl y n n -W all  ( O-F -W)  a n d  Kissi n g er  m et h o ds  b as e d  o n  A S T M  E  
1 6 4 1  –  1 6. 6 3  
 
3. 3. 4. 3 . D y n a mi c  M e c h a ni c al  A n al ysis  ( D M A) 
D M A  a n al ysis  w as  c arri e d  o ut  o n  a  T A  I nstr u m e nts A R G 2  usi n g  t h e r e ct a n g ul ar 
g e o m etr y  fi xt ur e.  E a c h  t est e d m at eri al  h a d  a  di m e nsi o n  of  1 7. 5 × 1 2. 2 × 2. 3  m m  a n d  w as  
h e at e d  fr o m 3 0  t o 1 5 0  ° C  at  a  h e ati n g  r at e of  3  ° C / mi n.  T h e  a p pli e d  fr e q u e n c y w as  1  H z  
at  1 %  str ai n r at e. 
 
3. 3. 4. 4   T e n sil e  T e sti n g  
T e nsil e  t esti n g w as  p erf or m e d  o n  a n  M T S  S I N T E C H 5/ G  t e nsil e t esti n g m a c hi n e  
wit h  a  cr o ss h e a d  s p e e d  of  0. 2  m m/ mi n.   Fi v e  s p e ci m e ns of  e a c h  s a m pl e w er e  c ut  u si n g  a  
d o g -b o n e  c utt er  of  t y p e I V a c c or di n g  t o t h e A S T M  D 6 3 8  st a n d ar d.   T e nsil e  t esti n g w as  
c o n d u ct e d  at  r o o m t e m p er at ur e.  D at a  fil e s w er e  e x p ort e d  t o Mi cr o s oft  E x c el,  a n d  
m e c h a ni c al  p ar a m et er s  w er e  c al c ul at e d.   T e nsil e  str e n gt h,  el o n g ati o n  at  br e a k,  a n d  
Y o u n g's  M o d ul u s  of  n e at  P L A  a n d  n a n o c o m p o sit e s  w er e  d et er mi n e d.  
 
3. 3. 4. 5  D y n a mi c  R h e ol o gi c al  M e as u r e m e nt s  
 R h e ol o gi c al  m e a s ur e m e nt s  w er e  c arri e d  o ut  o n  a  T A  I nstr u m e nt s A R G 2  
r h e o m et er.  Dis k -s h a p e d  s a m pl e s of  2 5 -m m  di a m et er  a n d  3 -m m  t hi c k n e ss w er e  st a m p e d  
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o ut  fr o m c o m pr es si o n  m ol d e d  p a n els  a n d  us e d  f or p ar all el  pl at e  r h e ol o gi c al t esti n g.  All  
s a m pl es w er e  dri e d  at  4 5  ° C  f or 2  h  b ef or e  a n al ysis.   A  d y n a mi c  str ai n s w e e p  e x p eri m e nt  
w as  c arri e d  o ut  at  1 6 5  ° C  i n t h e fr e q u e n c y r a n g e of  0. 0 1  - 1 0 0  r a d/s t o d et er mi n e  t h e 
li n e ar vis c o s e  r e gi o n ( L V R).  Aft er  w hi c h , d y n a mi c  fr e q u e n c y s w e e p  e x p eri m e nt s  w er e  
c arri e d  o ut  at  1 %  ( L V R) i n t h e t esti n g fr e q u e n c y r a n g e of  0. 0 1  - 1 0 0  r a d/s at  1 6 5  ° C . 
 
3. 3. 4. 6  C r e e p -R e c o v e r y  T est  
T h e  cr e e p -r e c o v er y m e as ur e m e nt s  w er e  r u n o n  a  T A  i nstr u m e nt A R G 2.   E a c h  
s a m pl e w as  i n a  s h a p e of  2 5  m m  di a m et er  b y  3 -m m  t hi c k n ess.  Cr e e p -r e c o v er y t esti n g 
w as  p erf or m e d  o n  n e at  P L A  a n d  t h e n a n o c o m p o sit es  wit h  a n  a p pli e d  s h e ar  str ess of  1 9 6 0  
P a  at  1 7 5  ° C.  
 
3. 3. 4. 7  M elt  Fl o w  I n d e x ( M FI) M e as u r e m e nt  
M FI  m e as ur e m e nt s  of  n e at  P L A  a n d  n a n o c o m p o sit es  w er e  m e as ur e d  usi n g  a  
K a y e n es s  m elt  fl o w i n d e x er ( M o d el 7 0 5 1,  K a y e n e ss  I n c.).  S a m pl es  w er e  dri e d  at  4 5  o C  
f or 2  h  b ef or e  t esti n g.  Dri e d  s a m pl es,  1 0.  gr a ms  of  e a c h  sa m pl e  w er e  a d d e d  t o f e e d i nl et, 
m elt e d  at  1 9 0  ° C  f or 5  mi n,  t h e n f or c e d t hr o u g h c a pill ar y  wit h  2. 1 6  k g  l o a di n g f or c e, 
a c c or di n g  t o A S T M  D -1 2 3 8.   T h e  r e p ort e d M FI  is m e a ns  of  t hr e e m e as ur e m e nt s  ±  o n e  
st a n d ar d  d e vi ati o n.  
 
3. 3. 4. 8  F o u ri e r  T r a n sf o r m  I nf r a r e d  S p e ct r os c o p y  
T h e  Br u k er  Al p h a  A T R  b e n c h -t o p i nstr u m e nt c o nfi g ur e d  wit h  a n  A T R  s a m pli n g 
i nt erf a c e, w a s  us e d  t o o bt ai n  t h e s p e ctr a of  t h e s a m pl e s.  T h e  s p e ctr a of  t h e m at eri als  w er e  
c oll e ct e d  at  a  r es ol uti o n of  4  c m -1  o v er  2 0 0  s c a ns p er  s a m pl e usi n g  a  s p e ctral  wi dt h  of  6 0 0  
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t o 4 0 0 0  c m − 1 .  S p e ctr al  o ut p ut s  w er e  r e c or d e d i n tr a ns mis si o n m o d e  as  a  f u n cti o n of  
w a v e n u m b er.  
 
3. 3. 4. 9  T h e r m of o r mi n g  
T h e  P att ers o n  V a c u u m  F or mi n g  U nit  F or mi n g  M a c hi n e  w as  us e d  f or 
t h er m of or mi n g t h e m at eri als  i n t h e l a b or at or y. A  st o p-w at c h  w as  us e d  t o r e c or d t h e 






4 6  
C H A P T E R 4  
 
R E S U L T S A N D DI S C U S SI O N  O F P L A/ 0. 5 wt. %  C N C S N A N O C O M P O SI T E S 
P R O D U C E D B Y V A R YI N G D C P A N D M A L O A DI N G  
 
4. 1  I nt r o d u cti o n 
R es e ar c h er s  h a v e  pr e vi o usl y  e x a mi n e d  m al ei c  a n h y dri d e  gr afti n g  o n  
n a n o c ell ul o s e  utili zi n g  a  fr e e r a di c al c at al yst  t o i m pr o v e t h e c o m p ati bilit y  of  C N Cs  wit h  
P L A. 2 2, 1 1 0, 1 1 3, 1 1 4    H o w e v er,  diff er e nt  r es ear c h er s  h a v e  utili z e d  diff er e nt  r e a cti o n 
c o n diti o ns,  diff er e nt  r a n g es of  m al ei c  a n h y dri d e  a d diti o n,  a n d  t y pi c all y n arr o w,  
n o n o v erl a p pi n g,  r a n g es of  m al ei c  a n h y dri d e  a d diti o n.   T h e  m o st  c o m m o n  m et h o d  us e d  t o 
pr e p ar e d  m al e at e d  P L A/ C N C s  n a n o c o m p o sit es  h a s  b e e n  a  t w o-st e p  pr o c essi n g  t h at h as  
b e e n  r e p ort e d t o yi el d  i m pr o v e d m e c h a ni c al  pr o p ert y  c o m p ar e d  t o t h e n e a t 
p ol y m er. 1 1 0, 1 1 3, 1 1 4, 1 1 6   I n t h e t w o-st e ps m et h o d,  m al ei c  a n h y dri d e  w as  gr aft e d  o nt o  a  
p ol y m er  b a c k b o n e  t o a ct  as  a  c o m p ati bili z er;  t h e n, t h e n a n ofill er s  ar e  a d d e d  t o t h e 
m al e at e d  p ol y m er  usi n g  v ari o us  t e c h ni q u es s u c h a s  m elt  mi xi n g,  s ol uti o n,  c asti n g,  
et c. 1 1 0, 1 1 3, 1 1 4, 1 1 6   M al ei c  a n h y dri d e  is r e p ort e d t o a ct  as  a  c o m p ati b iliz er  or  pl asti ci z er  
a g e nt. 1 3 9 -1 4 6    
T his  st u d y e x a mi n e d  a  o n e -st e p  m et h o d,  m elt  bl e n di n g,  t o b ot h  m al e at e  a n d  
i n c or p or at e C N Cs  i n P L A  o v er  a  wi d e  r a n g e of  m al ei c  a n h y dri d e  l o a di n g (r a n gi n g fr o m 
0. 0 1 2 5  –  4. 3 2  wt. %)  a n d  t h e n e x a mi n e d  t h e t h er m al, t h er m o m e c h a ni c al, m e c h a ni c al,  a n d  
r h e ol o gi c al pr o p erti es  of  t h e c orr es p o n di n g  P L A/ C N C  n a n o c o m p o sit es.   T h e  r es e ar c h er 
e x a mi n e d  t h e or d er  of  r e a g e nt a d diti o n  i n t h e m elt  mi x er  a n d  t h e r ati o of  fr e e r a di c al 
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c at al yst  a n d  m al ei c  a n h y dri d e.   T h e  n e w  n a n o c o m p o sit es  w er e  t h e n c h ar a ct eri z e d  b y  
D S C,  T G A,  D M A,  I R, a n d  t e nsil e t esti n g. 
 
4. 2  P r o c e ssi n g  a n d  C h a r a ct e ri z ati o n  of  P L A  a n d  M al e at e d  P L A/ C N C  
N a n o c o m p osit es  
 
As d es cri b e d i n c h a pt er 3, w e h a v e pr e p ar e d m al e at e d P L A n a n o c o m p o sit es b y 
m elt mi xi n g at a n all o c at e d ti m e, aft er w hi c h D C P w as a d d e d a n d all o w e d t o r e a ct, t h e n 
M A a n d C N Cs w er e l at er a d d e d t o t h e mi xt ur e at e a c h all o c at e d ti m e.  T h e o v er all m elt 
mi xi n g ti m e f or e a c h s a m pl e w as 1 1 mi n ut es.  I n t his o n e -st e p m et h o d, P L A is 
si m ult a n e o us s urf a c e m o difi e d a n d r ei nf or c e d wit h C N Cs.  D uri n g m elt mi xi n g , D C P 
d e c o m p o s es b y pr o d u ci n g fr e e r a di c als (• O R), a n d t h e r a di c al a bstr a ct h y dr o g e n fr o m t h e 
b a c k b o n e of P L A, r es ulti n g i n P L A  r a di c al (•P L A).  W h e n a d d e d , m al ei c a n h y dri d e 
r e a ct s wit h •P L A, a n d a gr o wi n g c h ai n of p ol y( m al ei c a n h y dri d e) f or ms o n t h e P L A 
b a c k b o n e.  T h e n, t h e C N Cs w er e  a d d e d t o r e a ct i n t h e m elt wit h t h e a n h y dri d e gr o u ps o n 
t h e gr aft e d p ol y m er.   
P L A  a n d  t h e c orr es p o n di n g  n a n o c o m p o sit es  w er e  m elt  mi x e d,  c o m pr e ssi o n  
m ol d e d,  dri e d , a n d  st or e d u n d er  t h e s a m e c o n diti o ns . T a bl e  4  gi v e s t h e c o m p o siti o n  a n d  
c at al yst s  l o a di n g utili z e d  t o pr e p ar e  P L A  a n d  P L A  n a n o c o m p o sit es , a n d  t h e s a m pl es i n 
T a bl e  4  w er e  pr e p ar e d  wit h  v ar yi n g  D C P  l o a di n g w hil e  m ai nt ai ni n g  a  c o nst a nt  w ei g ht  












T a bl e  4 . S a m pl e  D esi g n ati o n  a n d  C o m p o siti o n  of  P L A,  D C P,  M A  of  t h e P L A/ 0. 5  wt. %  
C N Cs  N a n o c o m p o sit es  wit h  0. 0 1 2 5  wt. %  M A  a n d  V ari o us  D C P  L o a di n g  
 
 C o m p ositi o n  
 
S a m pl e  D esi g n ati o n  
P L A  ( wt. %) D C P  
( wt. %) 
M A  
( wt. %) 
C N C s  
( wt. %) 
N e at  P L A  1 0 0  - - - 
P L A/ C N C s  9 5. 0  - - 0. 5 0 0  
0 1 M A -P L A D 0/ C N C s  9 9. 5  - 0. 0 1 2 5  0. 5 0 0  
0 1 M A -P L A D 1/ C N C s  9 9. 3  0. 1 7 2  0. 0 1 2 5  0. 5 0 0  
0 1 M A -P L A D 3/ C N C s  9 9. 1  0. 3 7 2  0. 0 1 2 5  0. 5 0 0  
0 1 M A -P L A D 5/ C N C s  9 8. 9  0. 5 7 2  0. 0 1 2 5  0. 5 0 0  
0 1 M A -P L A D 7/ C N C s  9 8. 7  0. 7 7 2  0. 0 1 2 5  0. 5 0 0  
0 1 M A -P L A D 9/ C N C s  9 8. 5  0. 9 7 2  0. 0 1 2 5  0. 5 0 0  
 
T h e  D C P  l o a di n g i n t his st u d y w as  v ari e d  fr o m 0. 1 7 2  t o 0. 9 7 2  wt. %.   S a m pl e s  
c o nt ai ni n g  b ot h  wt. %  M A  a n d  D C P  ar e  d e n ot e d  as  f oll o ws:  0. 0 1 2 5  wt. %  w as  m ulti pli e d  
b y  1 0,  a n d  t h e w h ol e  n u m b er  w as  pr es e nt e d  as  a  s u p er s cri pt,  a n d  e a c h  w ei g ht  p er c e nt  of  
D C P  w as  m ulti pl y  b y  1 0,  a n d  it s w h ol e  n u m b er  is att a c h e d  t o t h e l ett er D,  t h us gi vi n g  t h e 
v ari o us  s a m pl e d esi g n ati o ns.   
Fi g ur e  9  gi v es  pi ct ur es  of  c o m pr e ssi o n -m ol d e d  P L A,  a n d  P L A/ 0. 5  wt. %  C N Cs  
a n d  n a n o c o m p o sit es  wit h  0. 7 7 2  wt. %  D C P  a n d  hi g h  a n d  l o w M A  l o a di n g.  As  s h o w n i n 
Fi g ur e  9,  t h e pr o c essi n g  of  P L A  i n t h e t e m p er at ur e r a n g e of  1 4 0  - 1 6 0  ℃  di d  n ot  c h a n g e  
c ol or  n it s or  c o m pris e  it s tr a ns par e n c y.   Fi g ur e  9  als o  s h o ws t h at t h e i n c or p or ati o n of  
C N Cs  l e d t o t h e a g gl o m er ati o n  of  t h e C N Cs.    
 




                                           
                          N e at  P L A                                                      P L A D 7/ C N C                     
                     
                                           
                                       L o w -M A  ( < 0. 5 4 wt. % )                              Hi g h -M A  ( ≥ 0. 5 4 wt. % ) 
                         P L A D 7/ C N C s                                                                        P L A D 7/ C N C s  
 
Fi g u r e  9 . Pi ct ur es  of  n e at  P L A,  P L A/ 0. 5  wt. %  C N Cs,  l o w-M A  ( < 0. 5 4 wt. % ), hi g h -M A  
( ≥ 0. 5 4 wt. %)  a n d  P L A/  0 . 5 wt. %  C N Cs  wit h  0. 7 7 2  wt. %  D C P  n a n o c o m p o sit es.   
 
H o w e v er,  w h e n  M A  a n d  D C P  w er e  i n c or p or at e d i n t h e n a n o c o m p o sit e , t h e C N C  
w as  e ntir el y  distri b ut e d  t hr o u g h o ut t h e m atri x , as  s h o w n i n Fi g ur e  9.   It is als o  o bs er v e d  
t h at t h e n a n o c o m p o sit es i n c or p or ati n g C N C s,  D C P,  a n d  M A  h a v e  d ar k e n e d,  wit h  t h e 
hi g h er  M A  l o a di n g l e a di n g t o a  d ar k er  s a m pl e.   At  l o w M A  l o a di n g ( < 0. 5 4 wt. %),  
s a m pl es w er e  o bs er v e d  t o b e  sli g htl y tr a ns p ar e nt wit h  li g ht-br o w n  c ol or  c o m p ar e d  t o 
hi g h -M A  l o a di n g s a m pl es ( ≥ 0. 5 4  wt. % ). 
T a bl e  5  s u m m ari z e s t h e c o m p o siti o n  a n d  s a m pl e d esi g n ati o ns  of  n a n o c o m p o sit e  
s a m pl es pr e p ar e d  b y  v ar yi n g  M A  l o a di n g w hil e  h ol di n g  D C P  a n d  C N C  l o a di n g c o nst a nt,  
at  0. 7 7 2  a n d  0. 5 0 0  wt. % , r es p e cti v el y.  E a c h  w ei g ht  p er c e nt  of  M A  w as  m ulti pl yi n g  b y  
1 0,  a n d  t h e fir st t w o n u m b er s  w er e  s u p er s cri pt e d  t o gi v e  t h e s a m pl e d esi g n ati o n,  a n d,  as  
M A  l o a di n g i n cr e as e s, w ei g ht  p er c e nt  is m ulti pli e d  b y  1 0,  b ut  o nl y  a  w h ol e  n u m b er  w as  
s u p er s cri pt e d  t o gi v e  s a m pl e d esi g n ati o n.   D 7  is i n di c ati n g 0. 7 7 2  wt. %  D C P.   
  0. 7  c m     0. 7  c m  
   0. 7  c m  
    0. 7  c m  




T a bl e  5 . S a m pl e  D esi g n ati o n  a n d  C o m p o siti o n  of  P L A,  D C P,  M A  i n M A -P L A D 7/ 0. 5  
wt. %  C N Cs  N a n o c o m p o sit es  wit h  0. 7 7 2  wt. %  D C P  a n d  V ari o us  M A  L o a di n g   
 
 C o m p ositi o n  
 
S a m pl e  D esi g n ati o n  
 
P L A  ( wt. %) 
M A  
( wt. %) 
D C P  
( wt. %) 
C N C s  
( wt. %) 
N e at  P L A  1 0 0 . 0 - - - 
0 1 M A -P L A D 7/ C N C s  9 8. 7  0. 0 1 2 5  0. 7 7 2  0. 5 0 0  
0 2 M A -P L A D 7/ C N C s  9 8. 7  0. 0 2 5 0  0. 7 7 2  0. 5 0 0  
0 5 M A -P L A D 7/ C N C s  9 8. 9  0. 0 5 0 0  0. 7 7 2  0. 5 0 0  
1 M A -P L A D 7/ C N C s  9 8. 6  0. 1 0 0  0. 7 7 2  0. 5 0 0  
2 M A -P L A D 7/ C N C s  9 8. 5  0. 2 7 0  0. 7 7 2  0. 5 0 0  
5 M A -P L A D 7/ C N C s  9 8. 2  0. 5 4 0  0. 7 7 2  0. 5 0 0  
1 0 M A -P L A D 7/ C N C s  9 7. 7  1. 0 8 0  0. 7 7 2  0. 5 0 0  
2 1 M A -P L A D 7/ C N C s  9 6. 6  2. 1 6  0. 7 7 2  0. 5 0 0  
4 3 M A -P L A D 7/ C N C s  9 4. 4  4. 3 2  0. 7 7 2  0. 5 0 0  
 
4. 3  T h e r m al  a n d  T h e r m o m e c h a ni c al  P r o p e rti es  of  P L A,  P L A/ C N Cs  a n d  
0 1 M A -P L A D 0/ C N Cs  N a n o c o m p osit e s  wit h o ut  D C P  
 
4. 3. 1   T h e r m al  P r o p e rti e s  of  N e at  P L A,  P L A/ 0. 5  wt. %  C N Cs  a n d  0 1 M A - 
P L A D 0/ C N C s  N a n o c o m p osit es  wit h o ut  D C P  b y  D S C  a n d  T G A   
 
T h er m al  a n al ysis  w as  c arri e d  o ut  wit h  a  T A  Q 2 0 0 0  D S C.   A n  e m pt y  T z er o  
h er m eti c  p a n  w as  us e d  as  t he  r ef er e n c e usi n g  5.  ±  2.  m g  s a m pl es.   D at a  w as  c oll e ct e d  
wit h  h e ati n g  a n d  c o oli n g  r at es of  1 0  ° C/ mi n i n a  nitr o g e n  at m o s p h er e.   Fi g ur e  1 0  s h o ws 
t h e fir st h e at i n g a n d  c o oli n g  c y cl e  of  t h e D S C  t h er m o gr a m; w hil e  Fi g ur e  1 1  is s h o w i n g 
t h e D S C  t h er m o gr a m of  t h e s e c o n d  h e ati n g  c y cl e  of  n e at  P L A,  P L A/ 0. 5  wt. %  C N Cs,  a n d  
0 1 M A -P L A D 0/ C N Cs.   E a c h  s a m pl e w as  h e at e d  fr o m 2 5  t o 2 0 0  ℃  a n d  h el d  at  2 0 0  ℃  f or 
fi v e mi n ut es  t o er as e  t h er m al hist or y,  c o ol e d  t o r o o m t e m p er at ur e i n t h e s e c o n d  c y cl e.    





Fi g u r e  1 0 . D S C  t h er m o gr a m s h o wi n g  t h e fir st h e ati n g  c y cl e  a n d  c o oli n g  c y cl e  of  n e at  
P L A,  P L A/ C N Cs,  a n d  0 1 M A -P L A D 0/ C N C s  n a n o c o m p o sit e  at  h e ati n g/ c o oli n g  r at e of  1 0  






Fi g u r e  1 1 . D S C  t h er m o gr a m s h o wi n g  t h e s e c o n d  h e ati n g  c y cl e  of  n e at  P L A,  P L A/ C N C s,  
a n d  0 1 M A -P L A D 0/ C N C s  n a n o c o m p o sit e  at  h e ati n g/ c o oli n g  r at e of  1 0  ℃/ mi n  u n d er  
nitr o g e n.  




A ft er t h e s e c o n d  c y cl e,  s a m pl es w er e  r e h e at e d t o 2 0 0  ℃.   T h e  cr yst alli z ati o n  
b e h a vi or  of  n e at  P L A  a n d  P L A/ C N C s  n a n o c o m p o sit es  w er e  st u di e d,  i n cl u di n g t h eir 
t h er m al tr a nsiti o ns: gl as s  tr a nsiti o n t e m p er at ur e ( Tg ), e x ot h er mi c  c ol d  cr yst alli z ati o n  
t e m p er at ur e ( Tc c ), e n d ot h er mi c  m elti n g  t e m p er at ur e ( Tm ), c ol d  cr yst alli z ati o n  e nt h al p y  
( Δ Hc c ), m elti n g  e nt h al p y  ( Δ Hm ), a n d  d e gr e e  of  cr yst alli nit y  ( χc).  T h e  d e gr e e  of  
cr yst alli nit y  ( χc) o f all  m at eri als  w as  c al c ul at e d  b as e d  o n  t h e st a n d ar d  e nt h al p y  
(∆ 𝐻𝐻 𝑚𝑚
𝑜𝑜 )  v al u e  of  a  1 0 0  %  cr yst alli n e  P L A  ( 9 3. 1J/ g) fr o m t h e f oll o wi n g e q u ati o n: 3 0  
                                       χ 𝑐𝑐 1 =
∆ 𝐻𝐻 𝑚𝑚 1 −  𝛥𝛥 𝐻𝐻 𝑐𝑐 𝑐𝑐 1
( 1 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓 𝑓𝑓  𝑐𝑐 𝑜𝑜 𝑐𝑐 𝑐𝑐 𝑓𝑓 𝑐𝑐 𝑐𝑐 ) ∗ ∆ 𝐻𝐻 𝑚𝑚
𝑜𝑜 ∗ 1 0 0                               ( 1)  
w h er e  Δ H m  is t h e m elti n g  e nt h al p y,  Δ H c c  is t h e c ol d  cr yst alli z ati o n  e nt h al p y,  is t h e a n d  a  
∆ 𝐻𝐻 𝑚𝑚
𝑜𝑜  ( m elti n g e nt h al p y)  of  9 3. 1  J/ g w as  t a k e n fr o m t h e lit er at ur e.3 0   T h e  d e gr e e  of  
cr yst alli nit y  of  s a m p le s  w as  c al c ul at e d  fr o m t h e fir st h e ati n g  s c a n of  t h e D S C  r u n.  
E q u ati o n  t w o w as  us e d  t o c al c ul at e  p er c e nt  cr yst alli nit y  fr o m t h e s e c o n d  h e ati n g  c y cl e,  
aft er  t h e r e m o v al of  t h er m al hist or y  a n d  im p arti n g  t h e s a m e t h erm a l hist or y  o n  e a c h  
s a m pl e:  
                                                χ 𝑐𝑐 2 =
∆ 𝐻𝐻 𝑚𝑚 2
( 1 − 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓 𝑓𝑓  𝑐𝑐 𝑜𝑜 𝑐𝑐 𝑐𝑐 𝑓𝑓 𝑐𝑐 𝑐𝑐 ) ∗ ∆ 𝐻𝐻 𝑚𝑚
𝑜𝑜 ∗ 1 0 0                                    ( 2) 
W h er ei n,  Δ H m  is t h e c h a n g e  i n t h e e nt h al p y  of  m elt  o bt ai n e d  fr o m t h e s e c o n d  h e ati n g  
s c a n of  D S C  r u ns, a n d  Δ H⁰ m  is t h e st a n d ar d  e nt h al p y  of  m elt  f or n e at  P L A.  
D S C  t h er m o gr a ms of  n e at  P L A,  P L A/ 0. 5  wt. %  C N Cs,  a n d  0 1 M A -P L A D 0/ C N C s  
s a m pl es ar e  s u m m ari z e d  i n T a bl e  6.   E x a m pl es  of  D S C  t h er m o gr a ms (s e e Fi g ur es  1 0  a n d  
1 1)  s h o w t h e fir st h e ati n g,  c o oli n g  c y cl e,  a n d  s e c o n d  h e ati n g  c y cl e.    
 
 




T a bl e  6 . S u m m ari z e d  Fir st  a n d  S e c o n d  H e ati n g  S c a n  of  D S C  D at a  of  N e at  P L A,  
P L A/ 0. 5  wt. %  C N Cs,  a n d  M A -P L A D 0/ C N C s  N a n o c o m p o sit es   
 
M at eri al  
D e si g n ati o n  
T g 1  
( ° C) 
T c c 1  
( ° C) 
∆ H c 1  
( J/ g) 
T m 1  
( ° C) 
∆ H m 1  
( J/ g) 
χ c 1 
( %) 
T g 2  
( ° C) 
T c c 2  
( ° C) 
T m 2  
( ° C) 
∆ H m 2  
( J/ g) 
χ c 2  
( %) 
N e at  P L A  6 3. 0  1 3 3. 9  1. 2 1  1 4 8. 5  5. 5 4  4. 6 5  5 8. 6  1 2 8. 2  1 5 0. 2  1 1. 9  1 2. 8  
P L A/ C N C s  6 1. 3  --- --- 1 4 9. 3  2 0. 8  2 3. 4  5 7. 0  1 2 7. 9  1 4 9. 8  2 1. 5  2 3. 0  
0 1 M A -P L A D 0/ C N C s  6 2. 3  1 2 4. 1  1 2. 3  1 4 6. 9  2 1. 5  9. 9  5 4. 9  1 1 7. 8  1 4 7. 0  2 8. 0  3 0. 0  
 
As  o bs er v e d  i n Fi g ur e  1 0,  n e at  P L A  a n d  P L A/ C N Cs  n a n o c o m p o sit e  di d  n ot  s h o w 
a  s h ar pl y d efi n e d  c ol d  cr yst alli z ati o n  d uri n g  t h e fir st h e ati n g  c y cl e  c o m p ar e d  t o 0 1 M A -
P L A D 0/ C N C s  n a n o c o m p o sit e.   N e at  P L A  is w ell  k n o w n  f or its v er y  sl o w cr yst a lli z ati o n 
r at e.3 6    
O n  t h e ot h er  h a n d,  t h e s h ar p  T c c  p e a k  o bs er v e d  i n t h e 0 1 M A -P L A D 0/ C N C s  
s a m pl e c o ul d  b e  attri b ut e d  t o t h e pl a sti ci zi n g  eff e ct  of  M A  as  r e p ort e d t h at pl a sti ci z ati o n  
i n cr e a s es p er c e nt  cr yst alli nit y. 1 4 9   T h e  d e gr e e  of  cr yst alli nit y  of  b ot h  P L A/ 0. 5  wt. %  
C N Cs  a n d  0 1 M A -P L A D 0/ C N C s  w er e  hi g h er  t h a n n e at  P L A.   T h e  d e gr e e  of  cr yst alli nit y  
of  P L A/ 0. 5  wt. %  C N Cs  a n d  0 1 M A -P L A D 0/ C N C s  ar e  2 3. 4  a n d  9. 9 %,  r es p e cti v el y ( s e e 
T a bl e  6) .  T h e  i n cr e as e i n t h e d e gr e e  of  cr yst alli nit y  of  P L A/ 0. 5  wt. %  C N Cs  is as cri b e d  
t o t h e n u cl e ati n g  eff e ct  of  t h e w ell -dis p er s e d  C N C s. 1 4 9    H o w e v er,  t h er e w er e  n o  
e x ot h er m  p e a ks  o bs er v e d  d uri n g  c o oli n g  f or n e at  P L A  a n d  t h e n a n o c o m p o sit e .  A  hi g h  
m elt  t e m p er at ur e w as  o bs er v e d  i n D S C  s c a ns of  all  m at eri als.   T h e  gl ass  tr a nsiti o n 
t e m p er at ur e w as  w e a k  i n t h e fir st h e ati n g  c y cl e  of  t h e n a n o c o m p o sit es.   
Aft er  er asi n g  t h e t h er m al hist or y  fr o m pr o c essi n g,  all  m at eri als  e x hi bit e d  a  
s h ar pl y d efi n e d  p h a s e  tr a nsiti o n f or all  t h er m al tr a nsiti o ns (s e e Fi g ur e  1 1).   Fi g ur e  1 1  
s h o ws t h at t h e T g  a n d  T c c  of  e a c h  m at eri al  w er e  v er y  disti n cti v e  a n d  w ell  d efi n e d  T m  




p e a ks.   T h e  T g  ( 5 7. 0 ℃)  a n d  T m  ( 1 4 9. 8 ℃)  of  P L A/ C N Cs  ar e  si mil ar  t o n e at  P L A  T g  
( 5 8. 6 ℃)  a n d  T c c  ( 1 5 0. 2 ℃),  w hi c h  i n dic at es  p o or  c o m p ati bilit y  b et w e e n  P L A -C N Cs  
i nt er a cti o n.8 6, 8 9   T h e  p er c e nt  cr yst alli nit y  aft er  t h e s e c o n d  h e ati n g  s c a n f or 
n a n o c o m p o sit es  w as  o bs er v e d  t o b e  hi g h er  t h a n f or n e at  P L A,  d es pit e  t h e o bs er v e d  
i n cr e a s e i n P L A’s  cr yst alli nit y.   T h e  s a m pl e,  0 1 M A -P L A D 0/ C N Cs  e x hi bit e d  t h e hi g h est  
Δ H m  of  2 8. 0  J/ g  a n d  l o w est T g  fr o m D S C  s e c o n d  h e ati n g  s c a n.   T h e  hi g h e st  Δ H m  a n d  
l o w e st T g  is d u e  t o h o m o p ol y m eri z ati o n  of  M A  w hi c h  r es ult s i n l o w m ol ar  m as s  
pl a sti ci z er  t h at l o w er s T g  a n d  f a cilit at es t h e cr yst alli z ati o n  of  P L A  as  r e p ort e d b y  Or o z c o  
et  al. 1 3 9  a n d  J a c o bs e n et  al. 1 5 0  
I n cr e as e d cr yst alli nit y  c a n  b e  aff e ct e d  b y  n u cl e ati n g  or  pl asti ci zi n g,  or  a  
c o m bi n ati o n  of  b ot h. 1 4 9   H o w e v er,  t h e n u cl e ati n g  eff e ct  g e n er all y  r es ult s i n i m pr o v e d 
m e c h a ni c al  pr o p erti es,  w hil e  pl asti ci zi n g  l e a ds t o l o w er m e c h a n ic al  pr o p er ties,  b ut  
i m pr o v es s o m e o th er  pr o c essi n g  b e h a vi or. 1 6, 3 6, 1 0 7, 1 4 9   T a bl e  6  list s t h er m al tr a nsiti o ns a n d  
p er c e nt  cr yst al li nity  f or t h e fir st h e ati n g  a n d  s e c o n d  h e a ti n g c y cl e  f or n e at  P L A,  P L A/ 0. 5  
wt. %  C N Cs,  a n d  1 0 M A -P L A D 0/ C N C s  n a n o c o m p osit es.   Fr o m  t h e fir st h e ati n g  s c a n,  t h e 
d e gr e e  of  cr yst alli nit y  of  P L A/ C N C s  is 2 3. 4  % , w hi c h  is hi g h er  t h a n n e at  P L A  a n d  0 1 M A -
P L A D 0/ C N C s;  i n di c ati n g a  n u cl e ati n g  eff e ct  of  C N Cs.  
F i g ur e 1 2  ill u str at es t h e T G A  th er m o gr a m  of  n e at  P L A,  P L A/ C N C s,  a n d  0 1 M A -
P L A D 0/ C N C s .  T h e  t a bl e s h o ws a  si n gl e-st a g e d e c o m p o siti o n  f or P L A,  P L A/ C N Cs , a n d  
0 1 M A -P L A D 0/ C N Cs  n a n o c o m p o sit es.    
 
 













Fi g u r e  1 2 . ( a) T G A  t h er m o gr a m s h o wi n g  w ei g ht  l o ss vs.  t e m p er at ur e, ( b) D T G  vs.  
t e m p er at ur e of  n e at  P L A,  P L A/ C N Cs,  a n d  0 1 M A -P L A D 0/ C N C s  n a n o c o m p o sit e  at  a  
h e ati n g  r at e of  1 0  ℃/ mi n  u n d er  nitr o g e n.  
 
T h e  a d diti o n  of  0. 5  wt. %  C N Cs  t o P L A  sli g htl y r e d u c e d t h e o ns et  of  
d e c o m p o siti o n  t e m p er at ur e fr o m 3 6 1. 3  ℃  of  n e at  P L A  t o 3 5 7. 8  ℃  of  P L A/ C N C s  
s a m pl e.   O n  t h e ot h er  h a n d,  t h e a d diti o n  of  0. 0 1 2 5  wt. %  t o P L A/ C N C s  sli g htl y i n cr e as e d 
it s o ns et  of  d e c o m p o siti o n  te m p er at u re  t o 3 6 4. 5  b ut  sli g htl y r e d u c e d it s m a xi m u m  r at e of  
d e c o m p o si ti o n t e m p er at ur e, t h e p e a k  of  t h e D T G  fr o m 3 8 7. 4  t o 3 7 9. 6  ℃.  
    
4. 3. 2  D M A  of  N e at  P L A,   P L A/ 0. 5  wt. %  C N Cs,  a n d  0 1 M A -P L A D 0/ 0. 5  wt. %  C N Cs   
N a n o c o m p osit es  wit h o ut  D C P  
 
Fi g ur e  1 3  s h o ws st or a g e m o d ul us  a n d  t a n d elt a  as  a  f u n cti o n of  t h e t e m p er at ur e 
f or n e at  P L A,  P L A/ C N C s,  a n d  0 1 M A -P L A D 0/ C N Cs.   T h e  st or a g e m o d ul u s  of  
P L A/ C N C s  sli g htl y i n cr e as e s i n t h e gl a ss y  r e gi o n b ut  d e cr e as es  i n t h e r u b b er y r e gi o n 
c o m p ar e d  t o n e at  P L A  a n d  0 1 M A -P L A D 0/ C N C s  n a n o c o m p o sit es.    





Fi g u r e  1 3 . ( a) D M A  t h er m o gr a m s h o wi n g  G′  a n d  ( b) t a n δ  v er s us  t e m p er at ur e of  P L A,  
P L A/ C N C s,  a n d  0 1 M A -P L A D 0/ C N Cs  n a n o c o m p o sit e:  fr e q u e n cy  of  1  H z  a n d  1 %  str ai n 
r at e. 
 
F i g ur e 1 3  dis pl a ys  a  sli g ht  i m pr o v e m e nt i n st or a g e m o d ul u s  f or P L A/ 0. 5  wt. %  
C N Cs  wit h o ut  D C P  a n d  M A  as  c o m p ar e d  t o n e at  P L A.   T h e  sli g ht  i m pr o v e m e nt r es ult s 
fr o m t h e n u cl e ati n g  eff e ct  s h o w n fr o m t h e d e gr e e  of  cr yst alli nit y  fr o m D S C  (fir st h e ati n g  
s c a n),  b ut  t h e p o or  c o m p ati bilit y  i n P L A -C N Cs  i nt er a cti o ns d u e  t o n o n c o v al e nt  b o n di n g  
c o ul d  b e  t h e c a us e  of  it s i ns uffi ci e nt i m pr o v e m e nt i n m e c h a ni c al  pr o p ert y .  H o w e v er,  
u p o n  a d di n g  0. 0 1 2 5  wt. %  M A  i n t h e a bs e n c e  of  D C P,  t h e s a m pl e M A -P L A D 0/ C N C s  
e x hi bit e d  t h e l o w est st or a g e m o d ul us  b el o w  t h e r u b b er y r e gi o n b ut  a n  i n cr e as e st or a g e 
m o d ul us  a b o v e  t h e r u b b er y r e gi o n c o m p ar e d  t o n e at  P L A.   T h e  d e cr e as e  i n G′  i n t h e 
gl a ss y  r e gi o n c orr el at es  wit h  D S C  d at a  s h o wi n g  a  pl a sti ci z ati o n  eff e ct,  a n d  t h e sli g ht  
i n cr e a s e i n G′  i n t h e r u b b er y r e gi o n als o  c orr el at es  t o t h e i n cr e a s e i n p er c e nt  cr yst alli nit y  
fr o m D S C  (s e c o n d  h e ati n g  s c a n).   As  w as  e x p e ct e d,  t h er e is n o  si g nifi c a nt  i m pr o v e m e nt 
i n t h e m e c h a ni c al  pr o p ert y  of  P L A  d u e  t o t h e l a c k of  c o m p ati bil it y b et w e e n  P L A -C N C s  




i nt er a cti o ns r es ulti n g fr o m n o n c o v al e nt  b o n di n g.   T h e  T a n  d elt a  p e a k  h ei g ht s  of  n e at  P L A  
a n d  0 1 M A -P L A D 0/ C N C s  ar e  si mil ar,  w hil e  t h e P L A/ C N Cs  n a n o c o m p o sit e  e x hi bit e d  a  
sli g ht  i n cr e as e i n c h ai n  m o bilit y  a s  r efl e ct e d i n t h e i n cr e a s e d i nt ensit y  of  t a n δ . 
 
4. 4.  T h e r m al  a n d  T h e r m o m e c h a ni c al  P r o p e rti e s  of  P L A  a n d  P L A/ 0. 5 wt. %  C N Cs  
wit h  V a ri o u s  D C P  l o a di n g a n d  C o n st a nt  0. 0 1 2 5  wt. %  M A  
 
4. 4. 1  T h e r m al  P r o p e rti es  of  P L A  a n d  P L A/ 0. 5 wt. %  C N Cs  wit h  V a ri o u s  D C P  
l o a di n g a n d  C o n st a nt  0. 0 1 2 5  wt. %  M A  b y  T G A  a n d  D S C  
 
Fi g ur e  1 4  pr es e nt s  t h e D S C  t h er m o gr a m of  n e at  P L A  a n d  m al e at e d  P L A/ 0. 5  wt. %  
C N Cs  n a n o c o m p o sit es  wit h  v ari o us  D C P  l o a di n g.  D S C  a n al ysis  i n t his s e cti o n w as  fr o m 
t h e s e c o n d  h e ati n g  c y cl e.   T h e  c o v al e nt  gr afti n g  of  M A  t o P L A  d u e  t o fr e e r a di c al 
i niti ati o n of  D C P  a n d  c o v al e nt  b o n di n g  C N Cs  b y  r e a cti n g wi t h t h e a n h y dri d e  aff e ct e d  t h e 
v ari o us  t h er m al tr a nsiti o ns of  t h e n a n o c o m p o sit es.   Fi g ur e  1 4  s h o ws t h at T c c  a n d  T m  
s hift e d  t o l o w er t e m p er at ur es f or all  n a n o c o m p o sit es  c o nt ai ni n g  v ari o us  D C P  l o a di n g. 
      
Fi g u r e  1 4 . D S C  t h er m o gr a m of  n e at  P L A  a n d  P L A/ 0. 5  wt. %  C N Cs  n a n o c o m p o sit es  wit h  
0. 0 1 2 5  wt. %  M A  a n d  v ari o us  D C P  l o a di n g at  1 0  ℃/ mi n  i n a  nitr o g e n  at m o s p h er e.  




  T h e  T G A  t h er m o gr a m f or diff er e nt  D C P  l o a di n g n a n o c o m p o sit es  is gi v e n  i n 
Fi g ur e  1 5  ( a-b).   Fi g ur e  1 5  ( a) s h o ws t h e w ei g ht  l o ss v er s u s t e m p er at ur e w hil e  Fi g ur e  1 5  
( b) s h o ws th e  d eri v ati v e  w ei g ht  l o ss v er s u s t h e t e m p er at ur e of  t h es e m at eri als.   Fi g ur e  1 5  
s h o ws b ot h  w ei g ht  l o ss a n d  D T G  p e a ks  of  t h e 0. 9 7 2  wt . % D C P  n a n o c o m p o sit e  s hifti n g  



















Fi g u r e  1 5 . T G A  t h er m o gr a m of  n e at  P L A  a n d  P L A/ 0. 5  wt. %  C N Cs  n a n o c o m p o sit es  
wit h  0. 0 1 2 5  wt. %  M A  a n d  v ari o us  D C P  l o a di n g at  1 0  ℃/ mi n  i n a  nitr o g e n  at m o s p h er e.   
( a) W ei g ht  l o ss vs.  t e m p er at ur e; ( b) D T G  vs.  t e m p er at ur e. 




T a bl e  7  s u m m ari z e s t h e T G A  a n d  D S C  r es ult s f or t h es e n a n o c o m p o sit es  a n d  n e at  
P L A.   T h e  T G A  g a v e  t h e o ns et  of  d e c o m p o siti o n  t e m p er at ur e ( To ns et ) a n d  t h e p e a k  
m a xi m u m  of  t h e d eri v ati v e  t h er m o gr a vi m etri c ( Tm a x ).  It is o bs er v e d  fr o m T a bl e  7  t h at 
T o n s et  sli g htl y d e cr e a s e d  u p o n  t h e a d diti o n  of  D C P  t h e n a n o c o m p o sit es  c o nt ai ni n g  0. 0 1 2 5  
wt. %  M A,  P L A,  a n d  0. 5  wt. %  C N Cs.   T h e  l o w est T o n s et  ( 3 4 2. 5 ℃)  w as  o bs er v e d  i n t h e 
s a m pl e wit h  t h e hi g h e st  D C P  l o a di n g of  0. 9 7 2  wt. %,  b ut  it di d  n ot  e x hi bit  a  c h ai n  
s cissi o n eff e ct  i n t h e D S C  a n d  D M A  a n al ysis.   H o w e v er,  at  0. 7 7 2  wt. %  D C P  l o a di n g, 
T o n s et  ( 3 5 6. 6 ℃)  a n d  T m a x  ( 3 8 3. 3 ℃)  ar e  sli g htl y d e cr e as e d  c o m p ar e d  t o n e at  P L A  b ut  
hi g h er  t h a n ot h er  D C P  v ari e d  n a n o c o m p o sit es.    
 
T a bl e  7 . S u m m ari z e d  T G A  a n d  D S C  D at a  of  N e at  P L A,  P L A/ 0. 5  w t. % C N Cs,  M A -
P L A D 0/ C N C s,  a n d  M A -P L A D/  0. 5  wt. %  C N Cs  N a n o c o m p o sit es  wit h  0. 0 1 2 5  wt. %  M A  
a n d  V ari o us  D C P . D S C  D at a  D eri v e d  fr o m t h e S e c o n d  H e ati n g  S c a n  
 
T G A   D S C  
M at eri al  
D esi g n a ti o n 
D C P  
(wt. % ) 
T o n s et  
( ° C) 
T m a x  
( ° C) 
 T g  
( ° C) 
T c c 
( ° C) 
T m  
( ° C) 
∆ H m  
( J/ g) 
χ c  
( %) 
N e at  P L A  --- 3 6 1. 3  3 8 7. 4   5 8. 6  1 2 8. 2  1 5 0. 2  1 1. 9  1 2. 8  
P L A/ C N Cs  --- 3 5 7. 8  3 8 2. 3   5 7. 0  1 2 7. 9  1 4 9. 8  2 1. 5  2 3. 0  
0 1 M A -P L A D 0/ C N Cs  --- 3 6 4. 5  3 7 9. 6   5 4. 9  1 1 7. 8  1 4 7. 6  2 8. 0  3 0. 0  
0 1 M A -P L A D 1/ C N Cs  0. 1 7 2  3 5 2. 6  3 6 3. 1   5 6. 2  1 2 1. 1  1 4 7. 6  2 0. 0  2 1. 4  
0 1 M A -P L A D 3/ C N Cs  0. 3 7 2  3 5 3. 2  3 6 3. 1   5 6. 0  1 1 8. 1  1 4 5. 6  2 1. 4  2 2. 9  
0 1 M A -P L A D 5/ C N Cs  0. 5 7 2  3 5 1. 6  3 6 1. 8   5 6. 1  1 1 3. 1  1 4 5. 2  2 1. 5  2 3. 0  
0 1 M A -P L A D 7/ C N Cs  0. 7 7 2  3 5 6. 6  3 8 3. 3   5 7. 5  1 1 1. 8  1 4 4. 0  2 1. 7  2 3. 2  
0 1 M A -P L A D 9/ C N Cs  0. 9 7 2  3 4 2. 5  3 6 2. 9   5 5. 8  1 2 6. 5  1 4 9. 8  1 7. 6  1 8. 8  
 
T h e  r es ult i n di c at es t h at 0 1 M A -P L A D 7/ C N C s  n a n o c o m p o sit e  c o nt ai ni n g  t h e 0. 7 7 2  
wt. %  D C P  is m or e  t h er m all y st a bl e t h a n t h e ot h er  n a n o c o m p o sit es.   I n a d diti o n,  T a bl e  7  
s h o ws t h at s a m pl e s c o nt ai ni n g  0. 3 7 2,  0. 5 7 2,  a n d  0. 7 7 2  wt. %  D C P  h a d  T g  v al u es  of,  5 6. 0,  




5 6. 1,  a n d  5 7. 5  ℃,  r es p e cti v el y, cl o s e  t o t h at of  n e at  P L A  ( Tg , 5 8. 6  ℃),  b ut  e x hi bit e d  t h e 
l o w e st T c c  ( 1 1 8. 1, 1 1 3. 1,  a n d  1 1 1. 8  ℃)  a n d  T m  ( 1 4 5. 6, 1 4 5. 2,  a n d  1 4 4. 0  ℃)  v al u e s.   T h e  
si mil ar ity  of  T g  of  t h es e n a n o c o m p o sit es  t o n e at  P L A  a n d  t h eir r e d u c e d T c c  a n d  T m  c a n  b e  
attri b ut e d  t o i m pr o v e d c o m p ati bilit y  i n P L A -C N Cs  i nt er a cti o n d u e  t o t h e c o v al e nt  
b o n di n g  of  t h e C N Cs  t o t h e p ol y m er  b a c k b o n e  vi a  t h e M A  gr aft e d  t o t h e p ol y m er.   T h e  
l o w e st T c c  c a n  b e  e x pl ai n e d  b y  n u cl e ati o n  of  cr yst alli z ati o n , a n d  T m  c a n  b e  e x pl ai n e d  b y  
t h e f or m ati o n of  l e ss st a bl e cr yst als  w h e n  f or m e d at  a  l o w er t e m p er at ur e.2 8   B as e d  o n  t h e 
d at a  c oll e ct e d,  t h e 0 1 M A -P L A D 7/ C N C s  n a n o c o m p o sit e  h a s  t h e m o st  pr o misi n g  
c o m p o siti o n.  
 
4. 4. 2  T h e r m o m e c h a ni c al  P r o p e rti e s  of  P L A  a n d  P L A/ 0. 5 wt. %  C N Cs  wit h  V a ri o u s   
D C P  L o a di n g  a n d  C o n st a nt  0. 0 1 2 5  wt. %  M A  b y  D M A  
 
Fi g ur e  1 6  ( a-b)  s h o w t h e st or a g e m o d ul u s  a n d  t a n δ  as  a  f u n cti o n of  t e m p er at ur e 
f or n e at  P L A  a n d  P L A/ 0. 5  wt. %  C N C  n a n o c o m p o sit es  wit h  0. 0 1 2 5  wt. %  M A  a n d  
v ari o us  D C P  l o a di n g.  Fi g ur e  1 6  ( a) s h o ws t h at t h e st or a g e m o d ul u s  i n cr e a s e d as  a  
f u n cti o n of  D C P  l o a din g.   T h e  s a m pl e wit h  0. 1 7 2  wt. %  D C P  s h o w e d  a  l o w st or a g e  
m o d ul us,  b el o w  t h at of  n e at  P L A.   H o w e v er,  at  0. 3 7 2  wt. %  D C P,  t h e st or a g e m o d ul us  
sli g htl y i n cr e as e d i n t h e gl as s y  r e gi o n a n d  dr asti c all y  i n cr e a s ed  i n t h e s a m pl e s c o nt ai ni n g  
0. 5 7 2  a n d  0. 7 7 2  wt. %  D C P.   T h e n,  f or t h e 0. 9 7 2  wt. %  D C P  n a n o c o m p o sit e,  t h e st or a g e  
m o d ul us  is o bs er v e d  t o b e  cl o s e  t o t h at of  n e at  P L A.   I m pr o v e m e nt i n st or a g e m o d ul u s  i n 
t h e gl as s y  r e gi o n i n di c at es si g nifi c a nt  c o m p ati bilit y  of  th e  C N Cs  wit h  t h e P L A  at  t h es e 
D C P  l o a di n g.  T h e  r es ulti n g i m pr o v e d i nt erf a ci al i nt er a cti o n yi el d e d  t o r estri cti o n i n P L A  
c h ai n  m o bilit y,  t h er e b y i n cr e asi n g t h e stiff n es s of  t h e n a n o c o m p o sit es.    
 












Fi g u r e  1 6 . ( a) St or a g e  m o d ul us  vs.  t e m p er at ur e ( b) t a n δ  vs.  t e m p er at ur e of  n e at  P L A,  
P L A/ 0. 5  wt. %  C N Cs  n a n o c o m p o sit es  wit h  v ari o us  D C P  l o a di n g, a n d  c o nst a nt  0. 0 1 2 5  
wt. %  M A .  
 
Fi g ur e  1 6  ( b) s h o ws a  r e d u cti o n i n t h e T a n  δ  p e a k  i nt e nsit y f or t h e 
n a n o c o m p o sit es,  r efl e cti n g a  d e cr e as e  i n c h ai n  m o bilit y.   B as e d  o n  D S C  a n d  D M A  
r es ult s, t h e 0. 7 7 2  wt. %  D C P  w as  t h e m o st  pr o misi n g  l o a di n g i n t h e v ari o us  m al e at e d  
P L A/ C N C s  n a n o c o m p o sit es.  
 
4. 5  T h e r m al  a n d  T h e r m o m e c h a ni c al  P r o p e rti es  of  P L A,  P L A/ 0. 5  wt. %  C N Cs  wit h  
V a ri o u s  M A  L o a di n g  a n d  C o n st a nt  0. 7 7 2  wt. %  D C P  
 
4. 5. 1  T h e r m al  P r o p e rti es  b y  of  P L A,  P L A/ 0. 5  wt. %  C N Cs  wit h  V a ri o u s  M A   
L o a di n g  a n d  C o n st a nt  0. 7 7 2  wt. %  D C P  T G A   
 
Fi g ur e s 1 7  a n d  1 8  s h o w t h e T G A  a n d  D T G  s c a ns of  P L A  a n d  v ari o us  M A -
P L A D 7/ C N C s  n a n o c o m p o sit es.   T h e  o ns et  of  t h e d e c o m p o siti o n  t e m p er at ur e a n d  t h e 
m a xi m u m  t e m p er at ur e of  t h e p e a k  of  D T G  d e cr e as es  as  M A  l o a di n g w a s  i n cr e a s e d 
( Fi g ur e 1 7).   Fi g ur e  1 7  s h o ws t h at all  n a n o c o m p o sit es  b e g a n  t o d e gr a d e  a b o v e  2 0 0  ℃  
a n d  t h at t h e o ns et  of  d e c o m p o siti o n  p oi nt  d e cr e as e d  as  M A  l o a di n g i n cr e a s e d.   





Fi g u r e  1 7 . W ei g ht  l o ss vs.  t e m p er at ur e of  n e at  P L A,  M A -P L A D 7 / 0. 5 wt. %  C N Cs  
n a n o c o m p o sit es  wit h  v ari o us  M A  l o a di n g, a n d  c o nst a nt  0. 7 7 2  wt. %  D C P  at  a  h e ati n g  r at e 














Fi g u r e  1 8 . D eri v ati v e  t h er m o gr a vi m etri c t h er m o gr a m vs.  t e m p er at ur e of  n e at  P L A  a n d  
M A -P L A D 7 / 0. 5 wt. %  C N Cs  wit h  v ari o us  M A  wt. %  a n d  c o nst a nt  0. 7 7 2  wt. %  D C P  at  a  
h e ati n g  r at e of  1 0  ℃/ mi n,  u n d er  nitr o g e n . 




C o m p ar e d  t o n e at  P L A , t h er e is a  sli g ht  c h a n g e  i n T o n s et  a n d  T m a x  of  0 1 M A -
P L A D 7/ C N C s.   T h e  T o ns et  a n d  T m a x  f or n e at  P L A  ar e  3 6 1. 3  ℃,  a n d  3 8 7. 4  ℃,  
r es p e cti v el y; w hil e  T o n s et  f or 0 1 M A -P L A D 7/ C N C s  is 3 5 6. 5  ℃  a n d  it s T m a x  is 3 8 3. 3  ℃.   It 
w as  o bs er v e d  t h at as  M A  l o a di n g i n cr e a s e d ( ≥ 0. 5 4  wt. %),  t h e t h er m al st a bilit y of  t h e 
n a n o c o m p o sit es  d e cr e as e d.   I n cr e asi n g M A  l o a di n g a b o v e  0. 5 4  wt. %  r es ult e d i n r e d u c e d 
t h er m al i nst a bilit y.  Fi g ur e  1 8  s h o ws a  s hift  i n D T G  p e a ks  as  a  f u n cti o n of  M A  l o a di n g; 
i n cr e a si n g M A  l o a di n g ( ≥ 0. 5 4  wt. %)  l e d t o D T G  p e a ks  s hifti n g  t o a  l o w er t e m p er at ur e, 
w hi c h  i n di c at es t h es e m at eri als  h a v e  r e a c h e d t h e m a xi m u m  d e gr a d ati o n  r at e at  
t e m p er at ur e t h a n n e at  P L A  a n d  t h e l o w-M A  n a n o c o m p o sit es.   It c o ul d  b e  t h at t h e 
n a n o c o m p o sit es  w er e  pl a sti ci z e d  d u e  t o a  hi g h er  M A  l o a di n g.  Li k e  i n t h e lit er at ur e, 
e x c essi v e  pl a sti ci z ati o n  l e a d s t o a n  i n cr e a s e i n t h e r at e of  t h er m al d e gr a d ati o n. 1 8, 3 0  
H o w e v er,  t h e pl asti ci zi n g  eff e ct  w as  f urt h er st u di e d  usi n g  M FI  a n d  d y n a mi c  r h e ol o gi c al 
m e a s ur e m e nt s  as  d es cr i b e d i n t h e n e xt  s e cti o ns.   
 
4. 5. 1. 1  T h e r m al  P r o p e rti e s  of  N e at  P L A,  M A -P L A D 7/ 0. 5  wt. %  C N Cs  wit h  V a ri o u s  
M A  L o a di n g  a n d  C o n st a nt  0. 7 7 2  wt. %  D C P  b y  D S C  
 
4. 5. 1. 2  Fi rst  H e ati n g  C y cl e  D S C  of  N e at  P L A,  M A -P L A D 7/ 0. 5  wt. %  C N Cs  wit h   
V a ri o u s  M A  L o a di n g  a n d  C o n st a nt  0. 7 7 2  wt. %  D C P  
 
Fi g ur e  1 9  dis pl a ys  T g 1 , T c c 1 , a n d  T m 1  (fr o m t h e fir st h e ati n g  c y cl e)  of  N e at  P L A  
a n d  it s m al e at e d  P L A/ C N C s  n a n o c o m p o sit es  of  v ari o us  M A  l o a di n g.  As  o bs er v e d  i n 
Fi g ur e  1 9,  t h e T c c 1  p e a k s  of  all  m al e at e d  P L A/ C N Cs  n a n o c o m p o sit es  s hift e d  t o l o w 
t e m p er at ur es c o m p ar e d  t o n e at  P L A,  es p e ci all y,  f or t h e 0 1 M A -P L A D 7/ C N C s  s a m pl e.   
T h eir  T g 1  a n d  T m 1  p e a ks  w er e  als o  o bs er v e d  i n t h e l o w-t e m p er at ur e r e gi o n.   
 





Fi g u r e  1 9 . Fir st  h e ati n g  c y cl e  of  D S C  t h er m o gr a m of  n e at  P L A  a n d  M A -P L A D 7 / 0. 5 
wt. %  C N Cs  wit h  v ari o us  M A  a n d  c o nst a nt  0. 7 7 2  wt. %  D C P  at  1 0 ℃/ mi n  u n d er  nitr o g e n.  
 
T a bl e  8  s h o ws t h e s u m m ari z e d  d at a  of  T c c 1 , T m 1 , a n d  r es p e cti v e e nt h al pi es  of  c ol d  
cr yst alli z ati o n  ( Δ Hc c 1 ) a n d  m elt  ( Δ Hm 1 ) of  s a m pl e s.  As  r e c or d e d i n T a bl e  8,  t h er e is a n  
i n cr e a s e i n t h e T g  v al u e s  f or all  m at eri als  c o m p ar e d  t o t h e T g  v al u e s  of  t h e s e c o n d  h e ati n g  
c y cl e  (s e e T a bl e  9).   I n a d diti o n , a n  i n cr e a s e i n t h e d e gr e e  of  cr yst alli nit y  w a s  o bs er v e d  
f or t h e n a n o c o m p o sit es  c o m p ar e d  t o t h at of  t h e p ol y m er , es p e ci all y  f or t h e 0 1 M A -
P L A D 7/ C N C s  s a m pl e.  T h e  i n cr e a s e i n T g  a n d  d e gr e e  of  cr yst alli nit y  si g nifi c a ntl y aff e ct s  














T a bl e  8 . S u m m ari z e d  D S C  of  N e at  P L A  a n d  Pr e p ar e d  M A -P L A D 7/ 0. 5  wt. %  C N Cs  
n a n o c o m p o sit es  wit h  0. 7 7 2  wt. %  D C P  a n d  V ari o us  M A  L o a di n g.  D S C  D at a    
D eri v e d  fr o m Fir st  H e ati n g  S c a n  
 
M at eri al  
D esi g n a ti o n 
M A  
( wt. %) 
T g 1  
( ° C) 
T c c 1  
( ° C) 
∆ H c c 1  
( J/ g) 
T m 1  
( ° C) 
∆ H m 1  
( J/ g) 
χ c 1  
( %) 
N e at  P L A  --- 6 3. 0  1 3 3. 9  1. 2 1  1 4 8. 5  5. 5 4  4. 6 5  
0 1 M A -P L A D 7/ C N Cs  0. 0 1 2 5  6 1. 9  1 1 6. 1  2. 7 7  1 4 3. 9  1 4. 9  1 3. 0  
0 2 M A -P L A D 7/ C N Cs  0. 0 2 5 0  6 1. 9  1 1 7. 8  1 2. 8  1 4 4. 4  2 0. 6  8. 3 4  
0 5 M A -P L A D 7/ C N Cs  0. 0 5 0 0  6 2. 4  1 1 8. 1  6. 9 7  1 4 5. 0  1 4. 0  7. 5 1  
1 M A -P L A D 7/ C N Cs  0. 1 0 0  6 3. 1  1 1 8. 6  8. 9 5  1 4 6. 2  1 3. 7  5. 1 0  
2 M A -P L A D 7/ C N Cs  0. 2 7 0  6 2. 8  1 1 9. 6  8. 4 1  1 4 4. 4  1 4. 0  5. 9 7  
5 M A -P L A D 7/ C N Cs  0. 5 4 0  6 0. 7  1 2 9. 4  3. 8 6  1 4 8. 7  8. 4 9  4. 9 5  
1 0 M A -P L A D 7/ C N Cs  1. 0 8 0  6 0. 1  1 2 9. 8  3. 9 8  1 4 8. 8  8. 2 0  4. 5 1  
2 1 M A -P L A D 7/ C N Cs  2. 1 6  5 9. 3  1 3 0. 6  1. 4 0  1 4 9. 0  5. 7 0  4. 5 9  
4 3 M A -P L A D 7/ C N Cs  4. 3 2  5 4. 9  1 3 4. 2  1. 3 0  1 4 9. 6  3. 3 0  2. 1 4  
 
 
T a bl e  9 . S u m m ari z e d  T G A  a n d  D S C  of  N e at  P L A  a n d  P L A/ 0. 5  wt. %  C N Cs  
N a n o c o m p o sit es  wit h  0. 7 7 2  wt. %  D C P  a n d  V ari o us  M A  L o a di n g.  D S C  D at a  D eri v e d  
fr o m t h e S e c o n d  H e ati n g  S c a n  
 
 T G A   D S C  
 
M at eri al  D esi g n ati o n  
M A  
( wt. %) 
T o n s et  
( ° C) 
T m a x  
( ° C) 
 b T g  
( ° C) 
b T c c  
( ° C) 
b T m  
( J/ g) 
b ∆ H m  
( J/ g) 
b χ c  
( %) 
N e at  P L A  --- 3 6 1. 3    3 8 7. 4   5 8. 6  1 2 8. 2  1 5 0. 1  1 1. 8  1 2. 7  
0 1 M A -P L A D 7/ C N Cs  0. 0 1 2 5  3 5 7. 5    3 8 3. 5   5 7. 7  1 1 1. 3  1 4 4. 2  2 2. 8  2 4. 4  
0 2 M A -P L A D 7/ C N Cs  0. 0 2 5  3 5 0. 6    3 7 8. 7   5 6. 6  1 0 9. 8  1 4 4. 3  1 9. 3  2 0. 6  
0 5 M A -P L A D 7/ C N Cs  0. 0 5 0 0  3 5 4. 1    3 7 6. 4   5 6. 8  1 1 1. 8  1 4 4. 6  2 1. 3  2 2. 8  
1 M A -P L A D 7/ C N Cs  0. 1 0 0  3 4 7. 9    3 6 4. 6   5 7. 0  1 1 2. 2  1 4 4. 9  2 1. 4  2 2. 9  
2 M A -P L A D 7/ C N Cs  0. 2 7 0  3 4 7. 0    3 6 4. 4   5 6. 6  1 2 5. 1  1 4 6. 9  1 3. 9  1 4. 9  
5 M A -P L A D 7/ C N Cs  0. 5 4 0  3 3 9. 0    3 5 7. 1   5 6. 5  1 3 0. 9  1 4 7. 6  5. 9 0  6. 3 0  
1 0 M A -P L A D 7/ C N Cs  1. 0 8 0  3 3 9. 1    3 5 5. 3   5 5. 0  1 3 6. 8  1 4 8. 3  3. 1 0  3. 3 0  
2 1 M A -P L A D 7/ C N Cs  2. 1 6  3 2 7. 9    3 5 2. 8   5 3. 0  --- --- --- --- 
4 3 M A -P L A D 7/ C N Cs  4. 3 2  3 1 8. 2  3 5 1. 3 8   5 0. 9  --- --- --- --- 
 D et er mi n e d  fr o m t h e s e c o n d  D S C  h e ati n g  s c a n. M a xi m u m  p e a k  ( Tm a x ) of  d e gr a d ati o n  fr o m D T G   
 t h er m o gr a vi m etri c a n al ysi s.   T h e  o n s et  of  d e c o m p ositi o n  t e m p er at ur e ( To n s et ).  




C o n c er ni n g  cr yst alli nit y,  n e at  P L A  e x hi bit  a  d e gr e e  of  cr yst alli nit y  of  ~ 4. 7 %,  
w hil e  0 1 M A -P L A D 7/ C N C s  s h o w e d  t h e hi g h e st  d e gr e e  of  cr yst alli nit y  of  ~ 1 3. 0 %.  T h e  
d e gr e e  of  cr yst alli nit y  i n cr e a s e d i n l o w-M A  l o a di n g a n d  t h e n d e cr e a s e d  as  M A  l o a di n g 
i n cr e a s e d.  S a m pl e s  wit h  hi g h  M A -l o a di n g e x hi bit e d  a  l o w d e gr e e  of  cr yst alli nit y,  s u c h 
as  2. 1 4 %  (4 3 M A -P L A D 7/ C N C s).    
S i g nifi c a nt i m pr o v e m e nt i n cr yst alli z ati o n  b e h a vi or  w as  o bs er v e d  f or l ow -M A  
n a n o c o m p o sit es  c o m p ar e d  t o n e at  P L A  a n d  t h eir hi g h -M A  c o u nt er p art s.   T h e  d e gr e e  of  
cr yst alli nit y  fr o m t h e fir st h e ati n g  c y cl e  of  D S C  si g nifi c a ntl y c o ntri b ut es  t o t h e 
m e c h a ni c al  pr o p ert y  of  t h e m at eri al.   I n t h at, it c orr el at es  wit h  t h e eff e ct  of  t h er m al 
hist or y  fr o m pr o c essi n g.   T h e  i nf or m ati o n fr o m t h e fir st h e ati n g  c y cl e  e x pl ai ns  t h e eff e ct  
of  pr o c essi n g  o n  t h e m at eri al’ s  p erf or m a n c e,  w hil e  t h o s e fr o m t h e s e c o n d  h e ati n g  c y cl e  
e x pl ai ns  t h e o n g oi n g  c h e mistr y  o c c urri n g  i n t h e s yst e m.   D uri n g  t h e s e c o n d  h e ati n g  
c y cl e,  all  m at eri als  att ai n  t h e s a m e t h er m al c o n diti o ns  aft er  t h e t h er m al hist or y  w as  er as e d  
d uri n g  t h e fir st h e ati n g  c y cl e.   S o,  at  t his st a g e,  t h e m at eri al  t h er m al tr a nsiti o n is dri v e n  
b y  it s c h e mi c al  i nt er a cti o ns t h a n t h e pr o c essi n g  eff e ct.  
 
4. 5. 1. 3  S e c o n d  H e ati n g  C y cl e  D S C  of  n e at  P L A,  M A -P L A D 7/ 0. 5  wt. %  C N Cs   
wit h  V a ri o u s  M A  l o a di n g a n d  C o n st a nt  0. 7 7 2  wt. %  D C P  
 
Fi g ur e  2 0  s h o ws t h e D S C  t h er m o gr a m fr o m t h e s e c o n d  h e ati n g  c y cl e.   I n t h e 
s e c o n d  h e ati n g  s c a n,  all  t h e m at eri als  att ai n  t h e s a m e t h er m al hist or y,  s o  t h e eff e ct  of  
a d diti v es  o n  p ol y m er  c h ai n  b e h a vi or  is e x pli cit  t h a n t h e ef f e ct of  pr o c essi n g  c o n diti o ns.    






Fi g u r e  2 0 . S e c o n d  h e ati n g  c y cl e  of  D S C  t h er m o gr a m of  n e at  P L A,  M A -P L A D 7 / 0. 5 
wt. %  C N Cs  wit h  v ari o us  M A  l o a di n g a n d  c o nst a nt  0. 7 7 2  wt. %  D C P  at  1 0 ℃/ mi n  u n d er  
nitr o g e n.  
 
M A  w as  o bs er v e d  t o e x hi bit  a  c o m p ati bilit y  eff e ct  at  l o w l o a di n g ( ≤ 0. 5 4 wt. %)  
a n d  pl asti ci z ati o n  eff e ct  at  hi g h  l o a di n g ( ≥ 0. 5 4 wt. %).   T h e  pl a sti ci z ati o n  eff e ct  w as  
o bs er v e d  f or l o w T g  a n d  hi g h  T c c,  w hil e  c o m p ati bilit y  w as  s e e n i n a  si g nifi c a nt  r e d u cti o n 
of  T c c  a n d  T m  b ut  si mil ar  T g  c o m p ar e d  t o n e at  P L A  1 4 9, 1 5 0  ( s e e T a bl e  9).    
Aft er  t h e r e m o v al of  t h er m al hist or y,  T c c  a n d  T m  p e a ks  of  l o w M A  s hift e d  t o 
l o w er t e m p er at ur es, w hil e  t h o s e of  hi g h  l o a di n g s hift e d  t o hi g h er  t e m p er at ur es, as  s h o w n 
i n Fi g ur e  2 0.   B esi d es,  t h er e w as  n o  T c c  n or  T m  f or n a n o c o m p o sit es  c o nt ai ni n g  2. 1 6  a n d  
4. 3 2  wt. %  M A;  t h e y o nl y  h a d  T g , w hi c h  i n di c at es a  c o m pl et e  a m or p h o us  n at ur e  of  t h es e 
m at eri als  d u e  t o e xtr e m e  pl a sti ci z ati o n  eff e ct  t h at r es ult e d i n i n cr e asi n g p ol y m er  c h ai n  
m o bilit y.    




     T h e  p er c e nt  cr yst alli nit y  of  n e at  P L A  w as  c al c ul at e d  t o b e  1 2. 7 %,  w hi c h  
dr asti c all y  i n cr e as e d d u e  t o t h e m o difi c ati o n  of  P L A  b y  M A,  D C P,  a n d  C N Cs  ( s e e T a bl e  
9) .  T h e  cr yst alli nit y  i n cr e as e d at  l o w-M A  b ut  dr asti c all y  r e d u c e d t o 0. 0 %  at  hi g h er -M A  
c o m p o siti o ns.  T h es e  diff er e n c e s  c o ul d  b e  attri b ut e d  t o c o m p ati bilit y  a n d  pl asti ci zi n g  
eff e ct s. 1 8, 1 2 0, 1 1 9, 1 3 5   At  l o w er-M A  ( < 0. 2 7 wt. %),  C N Cs  a c c el er at e d  t h e P L A  cr yst alli z ati o n  
wit h  si mil ar  gl as s  tr a nsiti o n t e m p er at ur es, d u e  t o c o m p ati bilit y  b et w e e n  P L A -C N Cs  
i nt er a cti o ns.1 5 1   W h er e a s,  at  0. 2 7  wt. %,  t h e T g  is 5 6. 6  ℃,  b ut  t h e p er c e nt  cr yst alli nit y  is 
i n cr e a s e d t o 1 4. 9 %  c o m p ar e d  t o n e at  P L A,  a n d  t h e T c is 1 2 5. 1  ℃  w hi c h  m a k es  t his 
m at eri al  a  bit  diff er e nt, 1 3 5  b ut  a b o v e  t his l o a di n g, t h e m at eri als  w er e  c o m pl et el y  
a m or p h o us.   T h e  M A  l o a di n g of  2. 1 6  wt. %  a n d  4. 3 2  wt. %,  w er e  o bs er v e d  t o h a v e  n o  
p er c e nt  cr yst alli nit y  wit h  v er y  l o w gl a ss  tr a nsiti o n t e m p er at ur es.  It c o ul d  b e  t h at t h e y ar e  
e x c essi v el y  pl asti ci z e d , r es ulti n g i n r e d u c e d t h er m al a n d  p h ysi c al  pr o p erti es.   
O n  t h e ot h er  h a n d,  t h e l o w-M A  P L A/ 0. 5  wt. %  C N Cs  n a n o c o m p o sit es  e x hi bit e d  a  
si g nifi c a nt  r e d u cti o n i n c ol d  cr yst alli z ati o n  t e m p er at ur e c o m p ar e d  t o n e at  P L A,  s u c h t h at 
T c c  r e d u c es ~ 1 3 3. 9  ℃  ( n e at P L A)  t o ~ 1 1 6. 1  ℃  (0 1 M A -P L A D 7/ C N C s),  ~ 1 1 7. 8  ℃  
(0 2 M A -P L A D 7/ C N C s)  a n d  ~ 1 1 8. 1  ℃  (0 5 M A -P L A D 7/ C N Cs).   I n t h e c as e  of  hi g h  M A  
l o a di n g ( 0. 5 4 wt. %),  t h e a d diti o n  of  M A  di d  n ot  si g nifi c a ntl y alt er  T c c  c o m p ar e d  t o it s 
l o w-M A  c o u nt er p art s.   Als o,  l o w-M A  l o a di n g s a m pl e s s h o w e d  m elti n g  p e a ks  at  ~ 1 4 3. 9  
a n d  ~ 1 4 5. 0  ℃,  w hil e  hi g h -M A  l o adi n g  n a n o c o m p o sit es  s h o w e d  m elti n g  p e a k s  li k e n e at  
P L A.   T h e  gl a ss  tr a nsiti o n t e m p er at ur e f or l o w-M A  l o a di n g is li k e n e at  P L A  b ut  di d  
r e d u c e i n hi g h  M A -l o a di n g ( ~ 8. 1 ℃).   S u c h  as  5 9. 3  ℃  (2 1 M A -P L A D 7/ C N Cs)  a n d  5 4. 9  
℃  (4 3 M A -P L A D 7/  C N Cs).   R e d u cti o n  i n T c c  wit h  T g  li k e n e at  P L A  i n l o w-M A  




n a n o c o m p o sit es  i n di c at es c o m p ati bilit y  w hil e  hi g h  T c c  a n d  l o w T g  o bs er v e d  i n hi g h - M A  
l o a di n g i n di c at e pl a sti ci z ati o n. 1 1 1, 1 4 9, 1 5 0   
Fi g ur e  2 1  s h o ws t h e tr e n d i n T g  as  a  f u n cti o n of  M A  l o a di n g i n all  M A -
P L A D 7/ 0. 5  wt. %  C N Cs  n a n o c o m p o sit es .  T h e  gl a ss  tr a nsiti o n t e m p er at ur e of  p ol y m er s  at  
t h e m ol e c ul ar  l e v el is i nfl u e n c e d b y  s e v er al f a ct or s, s u c h as  m ol e c ul ar  w ei g ht,  
i nt er m ol e c ul ar i nt er a cti o n, a n d  c h ai n  fl e xi bilit y.3 0, 6 1    
 
Fi g u r e  2 1 . Gr a p h  s h o wi n g  T g  vs.  M A  l o a di n g ( wt. %) of  n e at  P L A  a n d  v ari o us  M A -
P L A D 7/ 0. 5  wt. %  C N Cs  n a n o c o m p o sit es.   T h e  T g  is fr o m t h e D S C  s e c o n d  h e ati n g  c y cl e  
at  1 0  ℃/ m i n u n d er  nitr o g e n.  
 
As  s e e n i n Fi g ur e  2 1 , t h e T g  c h a n g es  as  M A  l o a di n g i n cr e as e s.  T h e  T g  of  l o w-
M A  l o a di n g w as  o bs er v e d  t o r e m ai n t h e s a m e as  t h e n e at  b ut  di d  c h a n g e  st e a dil y u p o n  
t h e sli g ht  i n cr e a s e i n M A  l o a di n g u p  t o 0. 5 4  wt. %  M A  a n d  t h e n c o nti n u e s  t o d e cr e as e  
sl o wl y u p o n  f urt h er a d diti o n  of  M A.   T h e  dr asti c  dr o p  i n T g  w as  o bs er v e d  d u e  t o t h e 




a d diti o n  of  hi g h  M A  l o a di n g, w hi c h  is e vi d e nt  i n t h e v ari o us  s a m pl es:  1 0 M A -
P L A D 7/ C N C s  ( 1. 0 8 wt. %  M A),  2 1 M A -P L A D 7/ C N Cs  ( 2. 1 6 wt. %  M A)  a n d  4 3 M A -
P L A D 7/ C N C s  ( 4. 3 2 wt. %  M A).   T h e  d at a  c oll e ct e d  cl e arl y  s h o w t h at a b o v e  0. 5 4  wt. %  
M A  l o a di n g, t h e m at eri als  e x p eri e n c e d  e x c es si v e  pl a sti ci z ati o n  w hi c h  h as  t h e p ot e nti al  t o 
si g nifi c a ntl y re s ult  i n t h e l a c k of  i m pr o v e m e nt i n ot h er  pr o p erti es  s u c h as  m e c h a ni c al  a n d  
r h e ol o gi c al pr o p erti es.   H o w e v er,  c o m p ar e d  t o n e at  P L A,  t h er e is n o  si g nifi c a nt  c h a n g e  i n 
T g  f or 0 1 M A -P L A D 7 C N C s,  b ut,  it s T c c  a n d  T m  s hift e d  t o l o w er t e m p er at ur es. 
     
4. 5. 2  T h e r m o m e c h a ni c al  P r o p e rt y  b y  D M A  of  n e at  P L A,  M A -P L A D 7/ 0. 5  wt. %   
C N Cs  wit h  V a ri o u s  M A  l o a di n g a n d  C o n st a nt  0. 7 7 2  wt. %  D C P  
 
D M A  r es ult s of  n e at  P L A  a n d  M A -P L A D 7/ 0. 5  wt. %  C N C  wit h  v ari o us  M A  
n a n o c o m p o sit es  ar e  s h o w n i n Fi g ur e s 2 2  a n d  2 3.   T h e  t h er m o m e c h a ni c al b e h a vi or,  b ot h  
t h e st or a g e m o d ul u s  ( G') a n d  t a n δ,  w er e  i n v esti g at e d as  a  f u n cti o n of  M A  l o a di n g o n  t h e 
P L A -C N Cs  i nt er a cti o ns.  S u m m ari z e d  d at a  of  G′  at  3 5  ℃  ( gl a ss y r e gi o n) a n d  7 0  ℃  
(r u b b er y r e gi o n) ar e  list e d i n T a bl e  1 0.  
Fi g ur e  2 2  s h o ws t h at i n t h e gl ass y  r e gi o n, n e at  P L A  e x hi bit e d  l o w er G′  c o m p ar e d  
t o all  t h e n a n o c o m p o sit es,  b ut  i n t h e r u b b er y r e gi o n, n e at  P L A  is sli g htl y hi g h er  i n 
m o d ul us  t h a n 4 3 M A -P L A D 7/ C N Cs  n a n o c o m p o sit e s  b ut  l o w er t h a n ot h er  
n a n o c o m p o sit es.   T h e  0 1 M A -P L A D 7/ C N Cs  n a n o c o m p o sit es  dis pl a y e d  t h e hi g h est  G′  i n 
t h e gl as s y  a n d  r u b b er y r e gi o ns b ut  sli g htl y l o w er st or a g e m o d ul u s  a b o v e  t h e r u b b er y 
r e gi o n.  T h e  t a n δ  as  s h o w n i n Fi g ur e  2 3  a ls o c orr el at e  wit h  G′  d at a  dis pl a y e d  b y  Fi g ur e  
2 2  a n d  will  b e  f urt h er dis c u ss e d  i n t his s e cti o n.   





Fi g u r e  2 2 . St or a g e  m o d ul u s  vs.  t e m p er at ur e ( ℃) of  n e at  P L A , M A -P L A D 7/ 0. 5  wt. %  
C N Cs  wit h  v ari o us  M A  l o a di n g a n d  c o nst a nt  0. 7 7 2  wt. %  D C P.  
 
 
Fi g u r e  2 3 . T a n  δ  vs.  t e m p er at ur e o f n e at  P L A  a n d  M A -P L A D 7/ 0. 5  wt. %  C N Cs  
n a n o c o m p o sit es  wit h  v ari o us  M A  l o a di n g a n d  c o nst a nt  0. 7 7 2  wt. %  D C P.  
 




T a bl e  1 0 . St or a g e  M o d ul u s  ( G P a) of  N e at  P L A  a n d  P r e p ar e d P L A/ 0. 5  wt. %  C N Cs  
N a n o c o m p o sit es  wit h  0. 7 7 2  wt. %  D C P  a n d  V ari o us  M A  L o a di n g  
 
 
S a m pl e  
D esi g n ati o n  
 
M A  
( wt. %) 
G ' 
at  3 5  ° C 
( G P a) 
G ' 
at  7 0  ° C 
( G P a) 
T a n  δ  
P e a k  
H ei g ht  
N e at  P L A  --- 1. 1 0  0. 0 1 0 0  0. 9 8 2  
0 1 M A -P L A D 7/ C N C s  0. 0 1 2 5  1. 5 6  0. 0 5 0 0  0. 4 6 3  
0 2 M A -P L A D 7/ C N C s  0. 0 2 5 0  1. 5 1  0. 0 3 0 0  0. 5 5 0  
0 5 M A -P L A D 7/ C N C s  0. 0 5 0 0  1. 3 4  0. 0 3 0 0  0. 6 6 2  
1 M A -P L A D 7/ C N C s  0. 1 0 0  1. 2 5  0. 0 3 0 0  0. 7 3 3  
2 M A -P L A D 7/ C N C s  0. 2 7 0  1. 2 5  0. 0 2 0 0  1. 1 3  
5 M A -P L A D 7/ C N C s  0. 5 4 0  1. 2 4  0. 0 1 0 0  1. 2 2  
1 0 M A -P L A D 7/ C N C s  1. 0 8 0  1. 2 1  0. 0 0 5 0 0  1. 3 9  
2 1 M A -P L A D 7/ C N C s  2. 1 6  1. 2 0  0. 0 0 5 0 0  1. 4 1  
4 3 M A -P L A D 7/ C N C s  4. 3 2  1. 1 7  0. 0 0 4 0 0  1. 6 2  
 
 
I n D S C  a n al ysis,  w e  o bs er v e d  l o w M A  l o a di n g s a m pl es h a d  a  hi g h  d e gr e e  of  
cr yst alli nit y  a n d  T g  v al u es  i n t h eir fir st h e ati n g  c y cl e.   T h e  0 1 M A -P L A D 7/ C N Cs  
n a n o c o m p o sit e  h a s  t h e hi g h est  d e gr e e  of  cr yst alli nit y  fr o m t h e fir st h e ati n g  c y cl e.   S o,  t h e 
i n cr e a s e i n m o d ul u s  s h o w n f or l o w M A  s a m pl e s is i nfl u e n c e d b y  b ot h  t h e pi ni n g  
b e h a vi or  of  t h e cr yst als , as  s h o w n b y  hi g h  T g  v al u e s  a n d  r estri ct e d c h ai n  m o bilit y  of  P L A  
d u e  t o t h e M A  c o m p ati bilit y  eff e ct.   T h e  l o w m e c h a ni c al  pr o p ert y  of  hi g h -M A  s a m pl es 
a b o v e  t h e r u b b er y r e gi o n i n di c at es t h e pl a sti ci zi n g  eff e ct  of  M A  at  t h es e l o a di n g. 
A d diti o n all y,  t h e d a m pi n g  b e h a vi or  of  P L A  a n d  n a n o c o m p o sit es  is s h o w n i n 
Fi g ur e  2 3.   Fi g ur e  2 3  s h o ws a  si g nifi c a nt  d e cr e as e  i n t a n δ  p e a k  h ei g ht  of  t h e l o w-M A  
s a m pl es c o m p ar e  t o hi g h -M A  a n d  n e at  P L A.   T h e  t a n δ  p e a k  h ei g ht  i n cr e a s es as  M A  
l o a din g  i n cr e as e s, w hi c h  c a n  b e  attri b ut e d  t o i n cr e asi n g c h ai n  m o bilit y  of  t h e a m or p h o us  




r e gi o n i n t h e n a n o c o m p o sit es.   T h e  t a n δ  p e a ks  p o siti o n  sli g htl y s hift e d  t o l o w er 
t e m p er at ur e as  M A  i n cr e a s e s, w hi c h  i n di c at es t h es e m at eri als  h a v e  b e c o m e  m or e  
a m or p h o us.   R estri cti o n  i n p ol y m er  c h ai n  m o bilit y  is r el ati v e t o t h e r e d u cti o n i n t a n δ  
p e a k  h ei g ht,  w hi c h  is s h o w n e vi d e ntl y  i n c o m p o sit es  at  l o w er l o a di n g. 
  Fi g ur e  2 4  s h o ws t h e tr e n d i n G′  i n t h e gl as s y  r e gi o n a n d  t a n δ  p e a k  h ei g ht.   As  
o bs er v e d  i n Fi g ur e  2 4,  P L A  c h ai n  m o bilit y  i n cr e a s es as  t h e M A  l o a di n g i n cr e a s e, a n d  
t h us st or a g e m o d ul u s  d e cr e as e d  b e c a us e  of  l es s c h ai n  hi n dr a n c e.    
 
Fi g u r e  2 4 . T h e  m a xi m u m  p e a k  h ei g ht  of  t a n δ  vs.  G′  ( G P a) at  3 5  ℃  vs.  M A  l o a di n g  
 ( %) of  v ari o us  M A -P L A D 7/ 0. 5  wt. %  C N Cs  n a n o c o m p o sit es  a n d  n e at  P L A . 
 
 
T h e  hi n d er e d  c h ai n  m o bilit y  c o ul d  r es ult fr o m ( 1) s u bst a nti al i nt erf a ci al 
i nt er a cti o ns b et w e e n  t h e c o m p ati bili z e d  p ol y m er -fill er; ( 2) i n cr e as e i n t h e d e gr e e  of  
cr yst alli n it y; or  ( 3) t h e c o m bi n ati o n  of  ( 1) a n d  ( 2).4 9, 1 1 4, 1 3 4, 1 5 2 -1 5 9   I n t his w or k,  t h e 
c o m bi n at or y  eff e ct  is e x hi bit e d  m ai nl y  b y  l o w M A  n a n o c o m p o sit es  c o m p ar e d  t o hi g h -
M A  s a m pl es a n d  n e at  P L A.   T h e  dr o p -i n st or a g e m o d ul us  t h at is e vi d e nt  i n hi g h er -M A  




n a n o c o m p o si t es is d u e  t o t h e fr e e m o v e m e nt  of  p ol y m er  c h ai ns  r es ulti n g fr o m t h e 
pl a sti ci zi n g  eff e ct s  of  M A  at  t h es e l o a di n g.  C o m p ar e d  t o n e at  P L A,  t h e hi g h er  M A  
n a n o c o m p o sit es  ( 2. 1 6 a n d  4. 3 2  wt. %  M A)  e x hi bit e d  sli g htl y i n cr e a s e m o d ul us  b el o w  t h e 
r u b b er y r e gi o n, a n d  t h e r es ult s h o ws t h at it is d u e  t o t h e sli g ht  i n cr e as e i n t h e d e gr e e  of  
cr yst alli nit y .   
T a bl e  1 0  s h o ws t h e st or a g e m o d ul u s  at  3 5  ℃  (r u b b er y r e gi o n/ gl as s tr a nsiti o n 
t e m p er at ur e) a n d  7 0  ℃  (r u b b er y r e gi o n).  I n t h e gl ass y  r e gi o n, t h e st or a g e  m o d ul u s  
i n cr e a s ed  si g nifi c a ntl y fr o m 1. 0 5  G P a  of  n e at  P L A  t o 1. 5 6  G P a  j u st b y  a d di n g  a  0. 0 1 2 5  
wt. %  M A  wit h  0. 7 7 2  wt. %  D C P  t o P L A -C N Cs  i nt er a cti o ns.  T h e  i n cr e a s e i n st or a g e 
m o d ul us  w as  a b o ut  1 4 8 %  m or e  t h a n t h e n e at  P L A.   T h e n,  a b o v e  t h e gl a ss y  r e gi o n, it 
dr o p p e d  b y  5 0 %  f or t h e n a n o c o m p o sit es  c o nt ai ni n g  1. 0 8,  2. 1 6 , a n d  4. 3 2  wt. %  M A  
c o m p ar e d  t o n e at  P L A.   T h e  si g nifi c a nt  i m pr o v e m e nt i n m o d ul us  e x hi bit e d  b y  l o w-M A  
n a n o c o m p o sit e  w as  als o  c o nfir m e d  wit h  t h e t e nsil e t esti n g, w hi c h  will  b e  dis c us s e d  i n t h e 
n e xt  s e cti o n.   T h e  D M A  r es ult is c o nsist e nt  wit h  M FI  v al u es  w h er ei n  i n cr e a si n g M A  
l o a di n g, di d  i n cr e a s e p ol y m er  c h ai n  m o bilit y  d u e  t o t h e pl a sti ci zi n g  eff e ct.   T h er ef or e,  as  
t h e t e m p er at ur e i n cr e as e d at  t h es e l o a di n g, t h e stiff n e ss of  t h e s a m pl es d e cr e a s e d.  
 
4. 5. 3  M e c h a ni c al  T es ti n g of  n e at  P L A,  M A -P L A D 7/ 0. 5  wt. %  C N Cs  wit h  V a ri o u s  
M A  l o a di n g a n d  C o n st a nt  0. 7 7 2  wt. %  D C P  
 
T h e  b olst eri n g  eff e ct  of  C N Cs  o n  t h e m e c h a ni c al  pr o p erti e s  of  M A -P L A D 7/ C N Cs  
n a n o c o m p o sit es  w as  e v al u at e d  as  a  f u n cti o n of  M A  l o a di n g.  As  D S C  a n d  D M A  s h o w e d  
tr e n ds of  i m pr o v e m e nt a n d  l a c k of  i m pr o v e m e nt i n t h e t h er m al a n d  t h er m o m e c h a ni c al 
pr o p erti e s  as  a  f u n cti o n of  M A  l o a di n g, w e  e x p e ct e d  t o o bs er v e  a  si mil ar  tr e n d i n t h eir 
m e c h a ni c al  pr o p erti es  b y  t e nsil e t esti n g.  T e nsil e  t esti n g is u ni q u e  m e c h a ni c al  t esti n g t h at 




pr o vi d es  vit al  d at a  o n  m at eri al  s af et y,  c o m p o n e nt s,  pr o d u ct s,  a n d  i nt e grit y a n d  h el ps  
e ns ur e  d esi g n er s  t h at t h eir e n d -us e d  pr o d u ct  is of  t h e hi g h est  q u alit y  a n d  fit-f or-
p ur p o s e. 3 0, 5 9   Li k e  D M A  a n a l ysis, w e  o bs er v e d  si g nifi c a nt  i m pr o v e m e nt i n Y o u n g’ s  
m o d ul us  d u e  t o i n cr e asi n g i nt erf a ci al i nt er a cti o ns.   
Fi g ur e s 2 5  - 2 8  s h o w t h e tr e n d i n t h e m e c h a ni c al  b e h a vi or  of  all  m at eri als  
c o m p ar e d  t o t h e p ol y m er.   Fi g ur e  2 5  ill ustr at es t h e str ess-str ai n c ur v e s of  n e at  P L A , 
P L A/ 0. 5  wt. %  C N Cs  wit h  0. 7 7 2  wt. % , a n d  v ari o us  M A  l o a di n g.  T h e  str ess-str ai n c ur v e  
fr o m t h e t e nsil e t est w as  us e d  t o c h ar a ct eri z e  t h e m e c h a ni c al  pr o p erti es  of  all  s a m pl es.   
Fi g ur e  2 6  dis pl a ys  d at a  c al c ul at e d  fr o m t h e str ess-str ai n c ur v e s  w hil e  Fi g ur e  2 7  c orr el at es  
t h es e d at a  t o t h eir cr yst alli nit y  b e h a vi or.   T h e  m at eri als  s h o w e d  i m pr o v e d el a sti c  m o d ul us  
c o m p ar e d  t o n e at  P L A .  Fi g ur e  2 8  s h o ws t h e m o st  i m pr o v e d m at eri al.   T h e  li n e ar p orti o n  
of  t h e str ess-str ai n c ur v e  ill u str at es t h e el a sti c  m o d ul us  b e h a vi or  of  e a c h  m at eri al.   S o,  t h e 
sl o p e of  t h e li n e ar s e cti o n o n  t h e str ess-str ai n c ur v e  is w h er e  el a sti c  d ef or m ati o n  o c c ur s;  
t h e i niti al li n e ar p orti o n  of  t his s e cti o n w a s  us e d  t o c al c ul at e  Y o u n g’s  m o d ul u s.    
 
Fi g u r e  2 5 . Str ess -str ai n c ur v es  of  n e at  P L A  a n d  M A -P L A D 7/ 0. 5  wt. %  C N Cs  wit h  0. 7 7 2  
wt. %  D C P  a n d  v ari o us  M A  wt. % . 





Fi g u r e  2 6 . Y o u n g’s  m o d ul us  a n d  T e nsil e  str e n gt h ( G P a) of  n e at  P L A  a n d  M A -
P L A D 7/ 0. 5  wt. %  C N Cs  wit h  0. 7 7 2  wt. %  D C P  n a n o c o m p o sit es  vs.  M A  l o a di n g ( wt. %). 
 
 
Fi g u r e  2 7 . Y o u n g’s  M o d ul u s   a n d  d e gr e e  of  cr yst alli nit y  of  n e at  P L A  a n d  M A -
P L A D 7/ 0. 5  wt. %  C N Cs  wit h  v ari o us  M A  l o a di n g a n d  c o nst a nt  0 . 7 7 2 wt. %  D C P  vs.  M A  
l o a di n g ( wt. %). 






Fi g u r e  2 8 . Y o u n g’s  M o d ul u s  a n d  t e nsil e str e n gt h vs.  M A  l o a di n g of  n e at  P L A,  0 1 M A -
P L A D 7/ C N C s,  q u e n c h e d  0 1 M A -P L A D 7/ C N C s,  a n d  a n n e al e d  0 1 M A -P L A D 7/ C N C s  
n a n o c o m p o sit es.  
 
T h e  t e nsil e str e n gt h a n d  p er c e nt  el o n g ati o n  w er e  als o  c al c ul at e d  fr o m t h e str ess-
str ai n c ur v e  usi n g  t h e f oll o wi n g e q u ati o ns:  
      T e nsil e  str e n gt h =  
𝐻𝐻 𝑚𝑚 𝑜𝑜 𝑐𝑐
𝐻𝐻  ∗  𝑚𝑚
                                                                          ( 3) 
w h er e  F m a x  is t h e l o a d at  f ail ur e, w hi c h  is a  f or c e at  w hi c h  t h e s p e ci m e n b r e a k s, t is t h e 
i niti al t hi c k n e ss of  t h e s p e ci m e n,  a n d  w  is it s i niti al wi dt h.  
      Str ai n  at  br e a k  =   
𝛥𝛥 𝐻𝐻− 𝑐𝑐 𝑐𝑐
𝑓𝑓 𝑓𝑓
                                                                              ( 4) 
w h er e  lf  is t h e fi n al l e n gt h of  t h e s p e ci m e n at  f ail ur e, a n d  lo  is t h e i niti al l e n gt h of  t h e 
s p e ci m e n b et w e e n  gri ps.  
         P er c e nt  el o n g ati o n  at  br e a k  =  str ai n at  br e a k  *  1 0 0                                         ( 5) 
Fi g ur e  2 6  s h o ws Y o u n g’s  m o d ul u s  a n d  t e nsil e str e n gt h as  a  f u n cti o n of  M A  
l o a di n g.  A  dr asti c  i n cr e as e i n Y o u n g’ s  m o d ul us  f or l o w-M A  l o a di n g is o bs er v e d  d u e  t o 
t h e M A  c o m p ati bilit y  eff e ct  t h at r es ult e d i n r estri ct e d c h ai n  m o bilit y , a s  dis c uss e d  i n 




D M A  a n al ysis.   T h e  m at eri als  o bs er v e d  t o e x hi bit  hi g h er  t e nsil e str e n gt h c orr es p o n d  t o 
str o n g er m at eri als  s u c h t h at it s m a xi m u m  t e nsil e str e n gt h is t h e m a xi m u m  str ess t h at it 
c a n  wit hst a n d  b ei n g  str et c h e d  b ef or e  n e c ki n g  or  cr a c ki n g. 1 6 0 -1 6 3   Si n c e  t h er e is gr e at er  
c h ai n  m o bilit y  d u e  t o a  pl asti ci zi n g  eff e ct  fr o m hi g h -M A  l o a di n g as  o bs er v e d  i n D M A  
a n al ysis,  t h e y e x hi bit  l e ss r esist a n c e t o d ef or m ati o n,  t h er ef or e, a  l o w er Y o u n g’ s  
m o d ul us. 1 1 9    
As  s h o w n i n Fi g ur e  2 6,  l o w-M A  n a n o c o m p o sit es  h a d  si g nifi c a ntl y hi g h  el asti c  
m o d ul us  a n d  t e nsil e str e n gt h c o m p ar e d  t o n e at  P L A  a n d  t h eir hi g h -M A  c o u nt er p art s.   As  
M A  l o a di n g i n cr e as e d, r e d u cti o n i n Y o u n g’s  m o d ul us  a n d  t e nsil e str e n gt h w er e  o bs er v e d,  
w hi c h  w as  c o nsist e nt  wit h  D M A  d at a.   Als o,  t h e d e gr e e  of  cr yst alli nit y  c o ntri b ut e d  t o t h e 
m e c h a ni c al  pr o p erti es  of  t h e n a n o c o m p o sit es.   As  s e e n i n Fi g ur e  2 7,  as  t h e d e gr e e  of  
cr yst alli nit y  i n cr e a s e d, Y o u n g’s  m o d ul u s  i n cr e as e d.  Hi g h -M A  n a n o c o m p o sit es  e x hi bit e d  
a  l o w d e gr e e  of  cr yst alli nit y;  t h er ef or e, t h e y h a v e  l o w Y o u n g’s  m o d ul us  d u e  t o 
pl a sti ci zi n g  eff e ct s. 1 1 9, 1 6 0, 1 6 3   As  m e nti o n e d  e arli er,  pl asti ci z ati o n  i n cr e as e s fr e e v ol u m e  
b et w e e n  p ol y m er  c h ai ns  r es ulti n g i n gr e at er  c h ai n  m o bilit y  a n d  m at eri al  fl e xi bilit y; a  
pl a sti ci z e d  p ol y m er  w o ul d,  t h er ef or e, b e  l e ss r esili e nt a n d  w o ul d  d ef or m  at  a  l o w er f or c e 
t h a n ot h er s  wit h o ut  pl asti ci z ati o n. 1 0 9, 1 1 4, 1 1 9   H e n c e,  l o w er t e nsil e st r e n gt h is o bs er v e d  i n 
hi g h -M A  l o a di n g n a n o c o m p o sit es  d u e  t o M A  pl asti ci zi n g  eff e ct.   C o ns e q u e ntl y,  t h er e is 
n o  si g nifi c a nt  diff er e n c e  i n p er c e nt  el o n g ati o n  at  br e a k  of  n a n o c o m p o sit es  c o m p ar e d  t o 
n e at  P L A.  
   T h e  c al c ul at e d  m e c h a ni c al  pr o p erti es  fr o m t h e st r ess-str ai n c ur v e s ar e  
s u m m ari z e d  i n T a bl e  1 1.    




T a bl e  1 1 . M e c h a ni c al  Pr o p erti es  C al c ul at e d  fr o m t h e Str ess -Str ai n  C ur v e  of  N e at  P L A  





S a m pl e  D esi g n ati o n  
 
 
M A  
( wt. %) 
 
Y o u n g  
M o d ul us  
E  ( G P a) 
 
T e n sil e  
Str e n gt h  
( M P a) 
 
El o n g ati o n  
at  br e a k  
( %) 
T h e  r ati o of  T e n sil e  
Str e n gt h/ Y o u n g’s  
M o d ul us  
(ℽ ) 
N e at  P L A  --- 1. 7  ±  0. 1 0    5 5  ±  7  9. 1  ±  0. 8 6  0. 8 9  
0 1 M A -P L A D 7/ C N Cs  0. 0 1 2 5  6. 0  ±  0. 7 2    6 5  ±  6  9. 5  ±  0. 7 4  0. 3 5  
0 2 M A -P L A D 7/ C N Cs  0. 0 2 5 0  5. 6  ±  0. 8 0    6 6  ±  6  9. 4  ±  1. 2  0. 3 9  
0 5 M A -P L A D 7/ C N Cs  0. 0 5 0 0  4. 1  ±  0. 5 3    5 8  ±  5  9. 3  ±  0. 7  0. 4 1  
1 M A -P L A D 7/ C N Cs  0. 1 0 0  3. 5  ±  0. 2 4    5 7  ±  7  9. 3  ±  1. 3  0. 4 6  
2  M A -P L A D 7/ C N Cs  0. 2 7 0  3. 0  ±  0. 6 0    5 7  ±  4  8. 5  ±  0. 5 1  0. 5 4  
5  M A -P L A D 7/ C N Cs  0. 5 4 0  2. 9  ±  1. 3    4 4  ±  4  8. 0  ±  0. 0 0 2 0  0. 3 3  
1 0 M A -P L A D 7/ C N Cs  1. 0 8 0  2. 7  ±  0. 6 8    4 3  ±  3  7. 8  ±  0. 0 0 4 0  0. 3 4  
2 1 M A -P L A D 7/ C N Cs  2. 1 6  2. 4  ±  1. 0  2 4  ±  1 7  4. 6  ±  0. 0 0 1 0  0. 1 2  
4 3 M A -P L A D 7/ C N Cs  4. 3 2  F ail  t est 
p ar a m et er  
   
 
As  r e c or d e d i n T a bl e  1 1,  r es ult s fr o m t h e t e nsil e t esti n g s h o w e d  t h at t h e i n cr e a s e 
i n m a xi m u m  t e nsil e str e n gt h w as  1 2 4 %  at  0. 0 1 2 5  wt. %  M A  l o a di n g c o m p ar e d  t o n e at  
P L A.   M or e o v er,  t h e r es ult s s h o w e d  a  3 4 6 %  i n cr e a s e i n t h e el a sti c  m o d ul u s  of  0 1 M A -
P L A D 7/ C N C s  n a n o c o m p o sit e  c o m p ar e d  t o n e at  P L A.   T h e  m o d ul u s  d e cr e as e d  as  t h e 
M A  l o a di n g i n cr e as e d,  y et  hi g h er  t h a n n e at  P L A,  as  s h o w n i n Fi g ur e  2 6.   T h e  i n cr e a s e i n 
m o d ul us  is as cri b e d  t o si g nifi c a nt  i m pr o v e m e nt i n i nt erf a ci al i nt er a cti o n b et w e e n  P L A -
C N Cs,  t h er e b y r es ulti n g i n e x c ell e nt  r ei nf or c e m e nt of  C N C s.   R ei nf or c e m e nt  of  C N Cs  i n 
P L A  m atri x  d u e  t o t h e c o v al e nt  b o n di n g  b y  l o w M A  l o a di n g r es ult e d i n a  si g nifi c a nt  
i m pr o v e m e nt i n t h e t e nsil e pr o p erti e s  b e c a us e  of  t h e f oll o wi n g:  r estri cti o n i n t h e p ol y m er  
c h ai n  m o bilit y  ( D M A a n al ysis)  a n d  i n cr e a s e i n p er c e nt  cr yst alli nit y  ( D S C a n al ysis).    




T h e  r estri cti o n i n c h ai n  m o bilit y  a n d  cr yst alli nit y  c a n  als o  i nfl u e n c e t h e cr a c k  b e h a vi or  of  
t h es e m at eri als,  s o  w e  di d  c al c ul at e  t h e r ati o of  t h e t e nsil e str e n gt h t o Y o u n g’s  m o d ul u s  o  
pr e di ct  t h e cr a c k  r esist a n c e i n t h es e m at eri als . T h e  d at a  ar e  als o  r e c or d e d i n T a bl e  1 0( a)  
a n d  will  b e  f urt h er e x pl ai n e d  i n t h e n e xt  s e cti o n.  
 
4. 5. 3. 1  S y n e r gisti c  E ff e ct of  C N Cs  o n  m e c h a ni c al  P r o p e rt y  of  M al e at e d   
P L A/ C N C s  N a n o c o m p osit e  
 
I n t his st u d y,  i m pr o v e m e nt i n t h e m e c h a ni c al  pr o p erti es  of  m al e at e d  P L A/ 0. 5  
wt. %  C N Cs  is pr e d o mi n at el y  attri b ut e d  t o t h e e x c ell e nt  r ei nf or c e m e nt of  C N C s  i n P L A  
d u e  t o t h e i m pr o v e d c o m p ati bilit y  i n P L A -C N C s  i nt er a cti o ns at  l o w M A  l o a di n g.  T h es e  
d at a  ar e  als o  s h o wi n g  si g nifi c a nt  i m pr o v e m e nt i n cr yst alli nit y.   T w o  p a n els  of  0 1 M A -
P L A D 7/ C N C s  w er e  pr e p ar e d  a n d  c h ar a ct eri z e d  usi n g  D S C  a n d  t e nsil e t esti n g t o v ali d at e  
t h e s y n er gisti c  eff e ct  of  C N Cs  o n  m o difi e d  P L A/ 0. 5  wt. %  C N Cs.   O n e  s a m pl e w a s  
q u e n c h e d  aft er  t h e c o m pr essi o n  m ol di n g  w hil e  t h e ot h er  w as  a n n e al e d  ( s e e s e cti o n 3. 3. 3).   
Fi g ur e  2 8  ill u str at es Y o u n g’ s  m o d ul us  a n d  t e nsil e str e n gt h of  n e at  P L A,  0 1 M A -
P L A D 7/ C N C s,  a n d  it s q u e n c h e d  a n d  a n n e al e d  s a m pl e s.   As  o bs er v e d  i n Fi g ur e  2 8,  t h e 
a n n e al e d  0 1 M A -P L A D 7/ C N Cs  s a m pl e h a s  t h e hi g h est  el a sti c  m o d ul us  a n d  m a xi m u m  
t e nsil e str e n gt h c o m p ar e d  t o t h e r est of  t h e s a m pl e s.   H o w e v er,  t h er e is a  dr asti c  
i m pr o v e m e nt i n m o d ul u s  w h e n  c o m p ari n g  t h e q u e n c h e d -0 1 M A -P L A D 7/ C N Cs  t o n e at  
P L A;  t h e y b ot h  ar e  a m or p h o us -li k e c o m p ar e  t o t h e ot h er s  w h er ei n  t h eir p er c e nt  
cr yst alli nit y  is 1 2  a n d  1 7,  r es p e cti v el y.  T h e  m o d ul us  f or t h e q u e n c h e d -0 1 M A -
P L A D 7/ C N C s  i n 3 2 8 %  hi g h er  t h a n n e at  P L A  w hil e  a n n e al e d -0 1 M A -P L A D 7/ C N Cs  
s a m pl e is 3 7 6 %  m or e  t h a n t h e p ol y m er.  
 




  As  s e e n i n T a bl e  1 2,  Y o u n g’s  m o d ul us  i n cr e as e d fr o m 1. 7 3  G P a  ( n e at P L A)  t o 
5. 5 9  G P a  i n t h e q u e n c h e d -0 1 M A -P L A D 7/ C N C s.   T h e  i n cr e as e i n el a sti c  m o d ul u s  of  t h e 
q u e n c h e d  s a m pl e is d o mi n at e d  b y  t h e C N C s  r ei nf or c e m e nt d u e  t o i m pr o v e d c o m p ati bilit y  
wit h  P L A,  w hil e  t h e i n cr e a s e i n el asti c  m o d ul us  of  t h e a n n e al e d  s a m pl e is attri b ut e d  t o 
b ot h  r ei nf or c e m e nt a n d  d e gr e e  of  c r yst alli nit y.  S o,  t h e si g nifi c a nt  i m pr o v e m e nt o bs er v e d  
i n m o d ul u s  of  m al e at e d  P L A/ C N C s  c o m p o sit es  c a n  b e  as cri b e d  t o a n  i n cr e a s e i n 
cr yst alli nit y  a n d  t h e si g nifi c a nt  r ei nf or c e m e nt b y  C N Cs.   T his  r ei nf or c e m e nt is d u e  t o t h e 
dr asti c  i m pr o v e m e nt i n i nt erf a cial  i nt er a cti o ns r es ulti n g fr o m P L A  m o difi c ati o n  at  t h es e 
l o w M A  l o a di n g, w hi c h  is dis pl a y e d  b y  t h e m e c h a ni c al  d at a  of  a n n e al e d  a n d  q u e n c h e d  
0 1 M A -P L A D 7/ C N Cs  n a n o c o m p o sit es.    
 
T a bl e  1 2 . M e c h a ni c al  Pr o p erti es  a n d  P er c e nt  Cr yst alli nit y  of  N e at  P L A,  Q u e n c h e d  




S a m pl e  D esi g n ati o n  
Y o u n g  
M o d ul us  
E  ( G P a) 
T e n sil e  
Str e n gt h  
( M P a) 
El o n g ati o n  
at  br e a k  
( %) 
S urf a c e  
E n er g y  
(ℽ ) 
 
Cr yst alli nit y  
( %) 
N e at  P L A  1. 7  ±  0. 1 0  5 5  ±  7  9. 1  ±  0. 8 6  0. 8 9  1 3  
0 1 M A -P L A D 7/ C N Cs  6. 0  ±  0. 7 2  6 5  ±  6  9. 5  ±  0. 7 4  0. 3 5  2 2  
Q u e n c h e d -0 1 M A -
P L A D 7/ C N Cs   
5. 5 9  ±  0. 3 7  6 2  ±  7  9. 9  ±  0. 6 1  0. 3 4  1 7  
A n n e al e d -0 1 M A -
P L A D 7/ C N Cs   
6. 4  ±  0. 3 9  6 8  ±  2 8  9. 5  ±  0. 9 0  0. 3 6  3 0  
 
T h es e  fi n di n g s ill ustr at e t h at t h e s y n er gisti c  eff e ct  of  C N Cs  r ei nf or c e m e nt a n d  
n u cl e ati o n  o n  t h e m e c h a ni c al  pr o p erti e s  of  P L A  is e x c e pti o n all y  d e p e n d e nt  o n  it s 
m o difi c ati o n  at  l o w M A  l o a di n g.  It is i nt er esti n g t o n ot e  t h at a d di n g  o nl y  0. 0 1 2 5  wt. %  of  
M A  t o P L A -C N C s  i n t his s yst e m,  t h e n a n o c o m p o sit es  e x hi bit e d  e x c ell e nt  m e c h a ni c al  
pr o p erti e s .   




4. 5. 3. 2  T h e  R ati o  of  T e n sil e  St r e n gt h/ Y o u n g’ s  M o d ul u s  
 
T h e  r ati o of  t e nsil e str e n gt h t o Y o u n g’s  m o d ul us  is a n ot h er  ess e nti al  m e c h a ni c al  
p ar a m et er  us e d  t o pr e di ct  t h e m at eri al’ s  r esist a n c e t o cr a c k i n g.1 1 9   T h e  cr a c k  r esist a n c e of  
t h e m at eri al  t o t h e i niti ati o n of  t h e fr a ct ur e pr o c ess  is a  m e a s ur e  of  t h e m at eri als'  s urf a c e  
e n er g y  ( γ).1 6 0   E q u ati o n  6  c a n  b e  us e d  t o c al c ul at e  t h e s urf a c e  e n er g y  usi n g  t e nsil e d at a:   
               𝐻𝐻 = (
𝑚𝑚 2 𝑜𝑜  ∁
2 𝑐𝑐
)                                                                                           ( 6) 
W h er e  σ  is t h e t e nsil e str e n gt h,  C  is t h e cr a c k  si z e b ef or e  i niti ati o n of  fr a ct ur e, a n d  E  is 
Y o u n g’s  m o d ul u s.   T h e  r ati o of  t e nsil e str e n gt h t o Y o u n g’s  m o d ul u s  (
𝐻𝐻 2
2 𝑚𝑚
)  w as  us e d  t o 
esti m at e  t h e cr a c k  r esist a n c e i g n ori n g t h e cr a c k  si z e ( C  ) a n d  π  si n c e t h e cr a c k  si z e is 
diffi c ult  t o b e  d et er mi n e d. 1 1 9, 1 5 8 -1 6 0   T h e  r ati o w as  us e d  t o esti m at e  t h e cr a c k  r esist a n c e of  
all  s a m pl e s.    
Fi g ur e  2 9  ill u str at es t h e cr a c k  r esist a n c e of  all  m at eri al  a s  a  f u n cti o n of  M A  
l o a di n g a n d  t h e d e gr e e  of  cr yst alli nit y.   As  s h o w n i n Fi g ur e  2 9,  n e at  P L A  h a s  l o w er 
cr yst alli nit y  a n d  hi g h e st  cr a c k  r esist a n c e, w hil e  0 1 M A -P L A D 7/ C N C s  s a m pl e e x hi bit e d  
h a s  t h e hi g h est  cr yst alli nit y  a n d  l o w est cr a c k  r esist a n c e.  T h e  o bs er v e d  tr e n d i n t h e 
r esist a n c e t o cr a c k , a c c or di n g  t o Fi g ur e  2 9 , is a  si g nifi c a nt  r e d u cti o n i n cr a c k  r esist a n c e 
w as  o bs er v e d  f or t h e l o w est-M A  s a m pl e.  
 





Fi g u r e  2 9 . R ati o  of  t e nsil e str e n gt h/ Y o u n g’s  M o d ul us  a n d  d e gr e e  of  cr yst alli nit y  of  n e at  
P L A  a n d  v ari o us  M A -P L A D 7 / 0. 5 wt. %  C N Cs  n a n o c o m p o sit es  vs.  M A  l o a di n g ( wt. %). 
 
A  sli g ht  i n cr e a s e is o bs er v e d  a g ai n  f or s a m pl e s c o nt ai ni n g  0. 0 2 5  –  0. 0 2 7  wt. %  
M A;  a n d  si g nifi c a nt  re d u cti o n  f or s a m pl es wit h  hi g h -M A  l o a di n g ( 0. 5 4, 1. 0 8 , a n d  2. 1 6  
wt. %).   As  pr e vi o usl y  st at e d, t h e cr a c k  r esist a n c e of  t h e s a m pl e c o nt ai ni n g  t h e hi g h est  
M A  l o a di n g w as  n ot  c al c ul at e d  b e c a us e  it f ail e d t est p ar a m et er s.   As  s h o w n i n Fi g ur e  2 9,  
as  cr yst alli nit y  i n cr e as e s, t h e cr a c k  r esist a n c e d e cr e as es  b ut  i n cr e a s e s a g ai n  f or s o m e 
s a m pl es wit h  l o w cr yst alli nit y.  
As  s e e n i n T a bl e  1 1,  t h e cr a c k  r esist a n c e si g nifi c a ntl y d e cr e as e d  i n all  t h e 
n a n o c o m p o sit es  c o m p ar e d  t o n e at  P L A.   I n T a bl e  1 1,  t h e cr a c k  resist a n c e  v al u e  of  n e at  
P L A  ( 0. 8 9) si g nifi c a ntl y d e cr e as e d  b y  3 9. 3 %  i n t h e 0 1 M A -P L A D 7/ C N C s  s a m pl e ( 0. 3 5).  
T h e  r e d u cti o n i n cr a c k  r esist a n c e as  a  f u n cti o n of  cr yst alli nit y  c a n  b e  as cri b e d  t o str ess-




i n d u c e d b e h a vi or  of  t h e cr yst alli n e  p h as e,  w hil e  t h e r e d u cti o n of  cr a c k  r esist a n c e as  a  
f u n cti o n of  l o w cr yst alli nit y  c o ul d  b e  as cri b e d  t o t h e pl asti ci zi n g  eff e ct  of  M A  at  t h es e 
hi g h  l o a di n g c a u si n g  m or e  m o v e m e nt  i n t h e p ol y m er  c h ai n  m o bilit y.   T h e  r es ult a gr e es  
wit h  t h e lit er at ur e, w hi c h  e x pl ai ns  t h at cr yst alli n e  m at eri als  e x hi bit  l o w cr a c k  r esist a n c e; 
t h er ef or e, a  s e mi cr yst alli n e  m at eri al  d o mi n at e d  wit h  hi g h  cr yst alli nit y  is e x p e ct e d  t o h a v e  
i m pr o v e d m e c h a ni c al  pr o p erti es,  b ut  r esist a nt t o cr a c k  is l o w er b e c a us e  t h e cr yst al  sit es 
i n d u c e cr a c ks. 1 6 0   O n  t h e ot h er  h a n d,  pl asti ci z e d  m at eri als  ar e  a m or p h o usl y  d o mi n at e d;  
t hus,  t h eir cr a c k  r esist a n c e t ur ns o ut  t o b e  l o w er d u e  t o m or e  fr e e v ol u m e.   S o  t h o s e 
m at eri als  wit h  hi g h -M A  l o a di n g e x hi bit e d  l o w er cr yst alli nit y,  t h us l o w er r esist a n c e t o 
cr a c k. 1 1 9   R es e ar c h er s  h a v e  r e p ort e d t h at hi g h er  r ati o s v al u e s  i n di c at e t h at t h e p ol y m eri c  
m at eri als  h a v e  m or e  e x c ell e nt  r esist a n c e t o cr a c k.   P ol y m er  n a n o c o m p o sit es  ar e  us e d  f or 
wi d e -s c o p e a p pli c ati o ns.  T h er e  ar e  s o m a n y  f a ct ors t h at aff e ct  cr a c k  r esist a n c e i n 
p ol y m er s,  s u c h as  i nt erf a ci al i nt er a cti o ns, cr yst alli nit y,  pl asti ci z ati o n,  a n d  e nt a n gl e m e nt  
i n p ol y m er  c h ai ns. 1 1 9, 1 4 9, 1 6 0 -1 7 2   L o w  cr a c k  r esist a n c e i n p ol y m er s  c a n  o c c ur  d u e  t o hi g h er  
i nt erf a ci al i nt er a cti o n (t h us i n cr e as e i nt erf a ci al str e n gt h),  hi g h  cr yst alli nit y , a n d  
pl a sti ci z ati o n. 1 1 9, 1 6 0, 1 6 4     
 
4. 5. 4  F TI R  A n al y sis  of  N e at  P L A,  P L A/ 0. 5 wt. %  C N Cs  wit h  V a ri o u s  M A  
L o a di n g  a n d  C o n st a nt  0. 7 7 2  wt. %  
 
S u m m ari z e d  F TI R  d at a,  al o n g  wit h  d at a  fr o m t h e lit er at ur e of  n e at  P L A,  C N Cs,  
a n d  M A,  ar e  pr es e nt e d  i n T a bl e  1 3.   Fi g ur e  3 0  s h o ws t h e s p e ctr a of  P L A,  M A,  a n d  
C N Cs.   T h e  c h ar a ct eristi c  p e a k  of  n e at  P L A  o c c urri n g  at  2 9 9 9  c m -1  is as si g n e d  t o C -H  
str et c hi n g  vi br ati o n.    
 




T a bl e  1 3 . F TI R  D at a  of  P L A,  M A,  a n d  C N Cs  fr o m t h e L it er at ur e a n d  T his  S t u d y 
 
S a m pl e  
D e si g n ati o n  
P ositi o n  ( c m-1 ) i n 
Lit er at ur e 1 1 5, 1 3 3, 1 3 4, 1 7 3, 1 7 6 -1 7 6  
P ositi o n  
( c m-1 ) i n t hi s st u d y 
P e a ks  
As si g n m e nt s  
N e at  P L A  7 2 5,  7 5 3,  8 6 7  
9 5 4  
1 0 9 3  
1 1 8 0  
1 2 3 0  
1 3 5 8  
1 4 1 0  
1 4 5 6  
1 7 5 6  
2 8 5 4  
2 9 2 5  
2 9 9 7  
7 2 5,  7 9 7,  8 6 4,   
9 5 3  
1 0 7 7  
1 1 8 5  
1 2 6 4  
1 3 6 6  
1 4 1 5  
1 4 5 2  
1 7 4 7  
2 8 5 2  
2 9 2 6  
2 9 9 9  
 C -C      str et c h 
 C -O -C      s y m m etri c str et c h  
 C -O -C      s y m m etri c vi br ati o n  
 C -O -C      a s y m m etri c  vi br ati o n  
 C -O -C      d ef or m ati o n  
 C -H              d ef or m ati o n  
 C H 3          s y m m etri c b e n di n g  
 C H 3          a s y m m etri c  b e n di n g  
 C = O         str et c hi n g 
 C H 3         s y m m etri c str et c h  
 C H 3         a s y m m etri c  str et c h 
 C -H         str et c h 
 
M A  6 6 2,  6 9 7,  8 2 7  
8 7 2  
1 0 5 2  
 
1 2 4 4,  1 3 9 8  
1 4 3 4  
1 5 7 9  
1 6 6 8  
1 7 2 0  
 
1 7 6 2,  1 8 1 9  
 
 
1 8 5 6,  1 8 6 8  
 
 
3 0 5 8  
3 1 2 6  
3 5 9 5  
6 7 3,  7 3 0,  8 2 6  
8 8 3  
1 0 4 9  
 
1 2 4 6,  1 3 3 5  
1 4 3 8  
1 5 7 9  
1 6 6 1  
1 7 1 5  
 
1 7 6 5,  1 8 2 3  
 
 
1 8 6 0,  1 8 9 5  
 
 
3 0 9 0  
3 1 2 6  
3 6 1 2  
C -H   b e n di n g  
C H 2   r o c ki n g vi br ati o n  
C -O   str et c hi n g of  a n h y dri d e  
 gr o u p  
C H 2   d ef or m ati o n  
C H 2   d ef or m ati o n  
-C = C   s y m m etri c str et c h  
-C = C   a s y m m etri c  str et c hi n g 
-C = O   s y m m etri c str et c h  
 ( c ar b o x yl gr o u p)  
-C = O   s y m m etri c vi br ati o n  
 str et c h ( a n h y dri d e 
 gr o u p)  
-C = O   a s y m m etri c  vi br ati o n  
 str et c h ( a n h y dri d e 
 gr o u p)  
= C -H   s y m m etri c str et c h  
= C -H    a s y m m etri c  str et c h 
-O H   str et c h s y m m etri c 
 vi br ati o n  
 
C N Cs  1 0 2 0  
 
1 3 6 3  
1 6 2 4  
 
2 8 8 2  
3 3 3 2  
1 0 2 5  
 
1 3 6 6  
1 6 4 5  
 
2 9 9 5  
3 3 3 4  
 C -C,  C -O H,  C -H  ri n g,  
a n d  si d e gr o u p  vi br ati o n.  
C H   b e n di n g  i n-t h e-pl a n e  
O H   b e n di n g  of  a ds or b e d  
 w at er  
C -H   s y m m etri c al  str et c hi n g 












Fi g u r e  3 0.  I R s p e ctr a of  n e at  P L A,  C N Cs,  a n d  M A.  
 
 
T h e  p e a ks  at  2 9 2 6  a n d  2 8 5 2  c m -1  c orr es p o n d  t o C H 3  as y m m etri c  a n d  s y m m etri c  
str et c hi n g,  r es p e cti v el y.1 3 3, 1 3 4   T h e  s p e ctr u m s h o ws a  p e a k  at  1 7 4 7  c m -1 , w hi c h  is 
ass o ci at e d  wit h  C = O  c ar b o n yl  str et c hi n g; a n ot h er  at  1 4 5 2  a n d  1 4 1 5  c m -1  ar e  attri b ut e d  t o 
– C H 3  as y m m etri c  a n d  s y m m etri c  b e n di n g;  t h e p e a k  at  1 3 6 6  c m -1  is as si g n e d  t o C H 3  
d ef or m ati o n. 1 3 3, 1 3 4    
P L A  als o  h a s  c h ar a ct eristi c  p e a ks  at  1 1 8 5  c m -1 , 1 0 7 7  c m -1 , a n d  8 6 4  c m -1 .  T h es e  
p e a ks  ar e  assi g n e d  t o C -O -C  as y m m etri c  str et c h C -O -C  s y m m etri c  str et c hi n g,  a n d  C -C - 
str et c h,  r es p e cti v el y.1 3 3, 1 3 4   T h e  c h ar a ct eristi c  p e a k  of  C N Cs  s h o w n at  3 3 3 3  - 3 2 8 5  c m -1  
assi g n e d  t o O -H  str et c hi n g  vi br ati o n  of  t h e O H  gr o u ps,  a n d  t h e 2 8 8 1  c m -1  p e a k  ar e   
  




assi g n e d  t o C -H  s y m m etri c  str et c hi n g  vi br ati o n.  1 7 3   T h e  1 0 4 3  c m -1 p e a k  c a n  b e  a ssi g n e d  
t o C -O -C  p yr a n o s e  ri n g.1 7 3  
T h e  I R s p e ctr a of  n e at  P L A  a n d  all  M A -P L A D 7/ C N Cs  n a n o c o m p o sit es  ar e  
s h o w n i n t h e f oll o wi n g fi g ur es.  T h e  n a n o c o m p o sit es  c o nt ai ni n g  0. 0 1 2 5,  0. 0 2 5,  a n d  
0. 0 5 wt. %  M A  s h o w e d  a  c o m bi n ati o n  of  p e a ks  of  P L A  a n d  C N Cs.   Si n c e  t h e a m o u nt  of  
m al ei c  a n h y dri d e  ( > 1 wt. %  i n r es p e ct t o P L A)  pr es e nt  i n t h e m at eri al  is s m all,  t h e C = O  
str et c hi n g  of  m al ei c  a n h y dri d e  p e a k  is v er y  w e a k  a n d  mi g ht  b e  o v erl a p pi n g  wit h  t h e 
c ar b o n yl  b a n d  of  P L A. 1 3 9   P o ssi bl y  t h e A TI R -F TI R  s p e ctr o s c o p y is n ot  a  s e nsiti v e  
t e c h ni q u e e n o u g h  t o i d e ntif y t h es e c h a n g es.   Or o z c o  et  al.  r e p ort e d t h at t h e a bs e n c e  of  
3 1 2 6 – 3 0 9 0  c m -1  fr o m M A  o n  t h e m al e at e d  P L A  i n di c at es t h at M A  w as  gr aft e d  o nt o  t h e 
P L A,  w hi c h  w as  als o  o bs er v e d  i n t his w or k. 1 3 9   T h e  hi g h  M A  l o a d e d n a n o c o m p o sit es  
s h o w diff er e nt  I R d at a  c o m p ar e  t o t h e n e at  P L A.   T h e  0 1 M A -P L A D 7/ C N Cs  a n d  4 3 M A -
P L A D 7/ C N C s  ar e  t h e t w o e xtr e m es  of  M A  l o a di n g i n t his st u d y.   S o,  t h eir I R d at a  is 
c o m p ar e d  wit h  t h e n e at  P L A  t o gi v e  a  cl e ar  pi ct ur e  of  P L A -C N Cs  i nt er a cti o ns as  a  
f u n cti o n of  M A  l o a di n g.  As  o bs er v e d  i n Fi g ur e  3 1,  t h e f ull r a n g e s p e ctr a of  all  s a m pl e s 
dis pl a y e d  v ari o us  r e gi o ns s h o wi n g  t h e pr o n o u n c e d  c h ar a ct eristi c  p e a ks  of  C H 3  str et c h,  
C = O  str et c h,  C H 3  b e n di n g , a n d  C -O -C  str et c h.   H o w e v er,  t h e d at a  w er e  st u di e d  b y  
c o nsi d eri n g  e a c h  r e gi o n s e p ar at el y t o dis pl a y  t h e c h a n g e s  t h at h a v e  o c c urr e d  d u e  t o 
v ar yi n g  M A  l o a di n g. 
  



















F i g u r e 3 1 . F ul l r a n g e I R s p e ctr a of  n e at  P L A  a n d  v ari o us  M A -P L A D 7/ 0. 5  wt. %  C N Cs  
n a n o c o m p o sit es . 
 
Fi g ur e  3 2  s h o ws t h at t h e br o a d  p e a k,  O -H  str et c hi n g  vi br ati o n  i n C N Cs,  r a n gi n g 
fr o m 3 3 3 3 -3 2 8 5  c m -1 , s h o w e d  u p  as  a  n e w  p e a k  r a n gi n g fr o m 3 3 8 6  –  3 2 8 5  c m -1  i n t h e 
0 1 M A -P L A D 7/ C N Cs  n a n o c o m p o sit e  t h at di d  n ot  a p p e ar  o n  t h e s p e ctr a of  n e at  P L A.   T h e  
p e a k  at  2 9 9 9  c m -1  is C -H  s y m m etri c  str et c hi n g; t h e o n es  at  2 9 2 1  a n d  2 8 5 2  ar e  
as y m m etri c  a n d  s y m m etri c  str et c hi n g  vi br ati o n  of  C H 3 .  T h e  p e a k  o bs er v e d  at  2 8 8 0  c m -1  
is attri b ut e d  t o C -H  str et c hi n g  vi br ati o n  fr o m C N C s.  











Fi g u r e  3 2 . I R s p e ctr a r a n g e, 3 7 0 0 – 2 7 0 0  c m -1  of  n e at  P L A,  a n d  v ari o us  M A -P L A D 7/ 0. 5  
wt. %  n a n o c o m p o sit es . 




Fi g ur e  3 3  s h o ws t h e c o m p aris o n  of  t h e c ar b o n yl  p e a k  r e gi o ns ( C = O) o f n e at  P L A  
a n d  it s n a n o c o m p o sit es.   T h e  c ar b o n yl  p e a ks  of  all  n a n o c o m p o sit es  w er e  s e e n ar o u n d  
1 7 4 8  c m -1  p o siti o n  ( Fi g ur e 3 3),  li k e n e at  P L A.   As  o bs er v e d  fr o m t h e s p e ctr a,  t h e eff e ct  
of  i n cr e a si n g M A  l o a di n g w as  s h o w n b y  t h e r e d u cti o n i n all  p e a k  i nt e nsitie s , w hi c h  
















 Fi g u r e  3 3 . I R s p e ctr a r a n g e, 2 0 0 0 – 1 2 8 0  c m -1  of  n e at  P L A  a n d  v ari o us  M A -
P L A D 7/ 0. 5 wt. %  C N Cs  n a n o c o m p o sit es . 
 
Fi g ur e  3 4  dis pl a y s t h e s p e ctr a i n t h e fi n g er pri nt r e gi o ns of  all  s a m pl es.   T h e  p e a ks  
at  1 1 8 5 – 1 0 8 3  c m -1  ar e  c h ar a ct eristi c  p e a k s  of  est er  b o n ds. 1 3 4, 1 3 9   T h e  p e a ks  at  1 1 3 5,  1 0 7 7,  
1 0 4 0  c m -1  c a n  b e  attri b ut e d  t o C -O -C  a n d  C -O  str et c hi n g  vi br ati o n  fr o m P L A  a n d  M A;  
p e a k  at  1 4 5 4  c m -1  is attri b ut e d  t o – C -H - d ef or m ati o n  r es ulti n g fr o m M A  ( s e e T a bl e  1 3)  
U p o n  i n cr e asi n g M A  l o a di n g, t h es e p e a k  i nt e nsiti e s w er e  o bs e r v e d t o b e  r e d u c e d.  T h er e  
c o ul d  b e  a n  o v erl a p pi n g  of  p e a ks  as  M A  l o a di n g i n cr e as e d.1 3 9     
 
 












Fi g u r e  3 4 . I R s p e ctr a 1 3 0 0 – 6 0 0  c m -1  of  n e at  P L A  a n d  v ari o us  M A -P L A D 7/ 0. 5  wt. %  
C N Cs  n a n o c o m p o sit es . 
 
T h e  c h a n g es  i n p e a k  i nt e nsiti e s t h us i n di c at e r e a cti vit y b et w e e n  P L A -C N C s  
i nt er a cti o ns d u e  t o c h e mi c al  m o difi c ati o n.   Fi g ur e  3 5  s h o ws t h e o v erl ai n  s p e ctr a of  n e at  
P L A  a n d  n a n o c o m p o sit es.   T h e  r e a cti vit y of  M A  b as e d  o n  it s c o m p o siti o n  is s h o w n i n t h e 
s p e ctr a of  0 1 M A -P L A D 7/ C N Cs,  a n d  4 3 M A -P L A D 7/ C N Cs  (s e e Fi g ur e  3 5).    
 
F i g u r e 3 5 . O v erl ai n  I R s p e ctr a of  n e at  P L A,  0 1 M A -P L A D 7/ C N Cs,  a n d  4 3 M A -
P L A D 7/ C N C s  n a n o c o m p o sit es . 




T h e  t w o c o m p o sit es  r e pr es e nt t h e l o w a n d  hi g h  M A  l o a di n g; t h eir s p e ctr a ar e  
o v erl yi n g  wit h  n e at  P L A.  T h e  c h a n g e s  i n p e a k s  i nt e nsiti e s w er e  cl e arl y  o b s er v e d  i n 
Fi g ur e  3 5,  w hi c h  dis pl a y e d  t h e o v erl ai n  s p e ctr a of  n e at  P L A,  0 1 M A -P L A D 7/ C N Cs,  a n d  
4 3 M A -P L A D 7/ C N Cs   
As  s h o w n i n Fi g ur e  3 5,  t h e p e a k  i n di c ati n g t h e O H  gr o u p  is v er y  w e a k  i n t h e 
4 3 M A P L A D 7/ C N C s  s p e ctr u m c o m p ar e d  t o t h at of  t h e 0 1 M A -P L A D 7/ C N C s  s a m pl e.   
Fi g ur e  3 5  s h o w e d  t h at t h e p e a ks  at  2 9 9 9,  2 9 2 6 , a n d  2 8 5 3  c m -1  i n n e at  P L A  w er e  s hift e d  
t o 2 9 4 8  a n d  2 9 9 6  c m -1  i n t h e 4 3 M A -P L A D 7/ C N C s  n a n o c o m p o sit es.   As  M A  l o a di n g 
i n cr e a s e d, t h e n a n o c o m p o sit es  s h o w c h ar a ct eristi c  p e a ks  of  P L A,  C N Cs,  a n d  M A,  w hi c h  
w as  e x p e ct e d.    
   T a bl e  1 3  s h o ws t h e s u m m ari z e d  I R d at a  of  m aj or  c h ar a ct eristi c s  p e a ks  of  n e at  
P L A,  M A,  C N Cs  fr o m t h e lit er at ur e i n c o m p aris o n  t o t h e o bs er v e d  d at a  i n t his st u d y.   
A c c or di n g  t o T a bl e  1 3,  I R v al u es  w er e  cl o s er  t o t h e o bs er v e d  v al u es  f or n e at  P L A,  M A , 
a n d  C N C s.   T h e  r es ult s v ali d at e  o ur  e x p eri m e nt al  d at a  t o t h at of  t h e lit er at ur e.  
 
4. 5. 5  R h e ol o gi c al  M e as u r e m e nt s  of  N e at  P L A,  M A - P L A D 7/ 0. 5 wt. %  C N Cs  wit h  
 V a ri o u s  M A  L o a di n g  a n d  c o n st a nt  0. 7 7 2  wt. %  D C P  
 
4. 5. 5. 1  M elt  Fl o w  I n d e x ( M FI) of  N e at  P L A,  M A - P L A D 7/ 0. 5 wt. %  C N Cs   
V a ri o u s  M A  L o a di n g  a n d  0. 7 7 2  wt. %  D C P  
 
Fi g ur e  3 6  s h o ws t h e pl ot  of  m elt  fl o w i n di c es ( M FI) of  n e at  P L A  a n d  it s 
n a n o c o m p o sit es  as  a  f u n cti o n of  M A  l o a di n g.  N u m eri c al  d at a  ar e  list e d i n T a bl e  1 4.   
T hr e e  s p e ci m e ns of  e a c h  s a m pl e w er e  c h ar a ct eri z e d  b y  M FI,  a n d  t h eir d at a  w er e  
pr o c ess e d  usi n g  e x c el  t o c al c ul at e  t h e st a n d ar d  d e vi ati o n  f or e a c h  s et  of  r u ns. 





Fi g u r e  3 6 . Pl ot  s h o wi n g  M FI  of  N e at  P L A  a n d  M A -P L A D 7 / C N Cs n a n o c o m p o sit es  as  a  
f u n cti o n of  M A  l o a di n g. 
 
 
T a bl e  1 4 . M elt  Fl o w  I n d e x V al u es  of  N e at  P L A  a n d  P L A/ 0. 5  wt. %  C N Cs  
N a n o c o m p o sit es  wit h  0. 7 7 2  wt. %  D C P  a n d  V ari o us  M A  L o a di n g  
 
S a m pl e  
D esi g n ati o n  
M A  
( wt. %) 
M FI  
( g/ 1 0 mi n)  
N e at  P L A  --- 5. 8 6  ±  0. 0 7 9  
0 1 M A -P L A D 7/ C N Cs  0. 0 1 2 5  0. 2 2 0  ±  0. 0 1 0  
0 2 M A -P L A D 7/ C N Cs  0. 0 2 5 0  0. 2 1 0  ±  0. 0 0 7  
0 5 M A -P L A D 7/ C N Cs  0. 0 5 0 0  0. 4 6 0  ±  0. 0 0 8  
1 M A -P L A D 7/ C N Cs  0. 1 0 0  0. 8 1 0  ±  0. 0 1 6  
2 M A -P L A D 7/ C N Cs  0. 2 7 0  1. 9 9  ±  0. 0 0 4  
5 M A -P L A D 7/ C N Cs  0. 5 4 0  1 2. 3  ±  0. 0 7 1  
1 0 M A -P L A D 7/ C N Cs  1. 0 8 0  3 9. 7  ±  0. 0 7 6  
2 1 M A -P L A D 7/ C N Cs  2. 1 6  Fl o w  o ut  f a st er 
4 3 M A -P L A D 7/ C N Cs  4. 3 2  Fl o w  o ut  f a st er 
 




A s o bs er v e d  i n Fi g ur e  3 6,  t h e M FI  of  n e at  P L A  dr asti c all y  dr o p p e d  t o a  v er y  l o w 
v al u e  f or n a n o c o m p o sit es  c o nt ai ni n g  l o w-M A  l o a di n g.  D uri n g  t esti n g, t h es e m at eri als  
e x hi bit e d  a  pr ol o n g e d  fl o w b e h a vi or  fr o m t h e c a pill ar y  di e.   O n  t h e ot h er  h a n d,  a  d o u bl e  
i n cr e a s e vis c o sit y  w as  o bs er v e d  f or t h e n a n o c o m p o sit e  c o nt ai ni n g  0. 5 4  wt. %  M A  l o a di n g 
(5 M A -P L A D 7/ C N Cs)  t h e n a  dr asti c  d e cr e as e  i n vis c o sit y  w as  s e e n f or 1 0 M A -
P L A D 7/ C N C s  s a m pl e (1. 0 8  wt. %  M A)  n a n o c o m p o sit e.   M FI  t esti n g w as  n ot  p o ssi bl e  f or 
t h e n a n o c o m p o sit es  c o nt ai ni n g  2. 1 6  a n d  4. 3 2  wt. %  M A  l o a di n g b e c a us e  t h e y w er e  
e x c essi v el y  li q uifi e d at  1 9 0  ℃  d uri n g  t est m e as ur e m e nt , t h er e b y fl o w e d o ut  t o o f a st a n d  
f ail e d t h e t est. 
L o w  M FI  v a l u es i n di c at e a n  i n cr e a s e i n vis c o sit y,  w hil e  hi g h  M FI  v al u e  d es cri b es  
a  d e cr e as e  i n vis c o sit y.   A  v er y  l o w M FI  is t ypi c al  f or cr o ssli n k e d  m at eri als,  cr yst alli n e,  
or  hi g h  m ol e c ul ar  w ei g ht  m at eri als , w hil e  v er y  hi g h  M FI  v al u e s  ar e  t y pi c al of  hi g h l y 
pl a sti ci z e d,  a m or p h o us,  a n d  v er y  l o w m ol e c ul ar  w ei g ht  m at eri als. 1 8, 4 7, 1 7 1   As  s h o w n i n 
T a bl e  1 4,  j u st b y  a d di n g  0. 0 1 2 5  wt. %  M A  at  0. 7 7 2  wt. %  D C P,  t h e m elt  fl o w i n d e x of  
n e at  P L A  ( 5. 8 6 g/ 1 0  mi n)  dr asti c all y  r e d u c e d t o 0. 2 2 0  g/ 1 0 mi n  (0 1 M A -P L A D 7/ C N Cs),  
w hi c h  w o ul d  s ug g est  t h at t h e y ar e  cr o ssli n k e d  a n d  m or e  cr yst alli n e  c o m p ar e d  t o n e at  
P L A  a n d  hi g h -M A  s a m pl es.   T h e  hi g h  i n cr e a s e i n M FI  i n di c at es t h at t h e hi g h -M A  
s a m pl es e x hi bit e d  v er y  l o w vis c o sit y.   F or  e x a m pl e,  n a n o c o m p o sit e  c o nt ai ni n g  0. 5 4  wt. %  
M A  h a d  1 2. 3  g/ 1 0  mi n  M FI,  w h e n  M A  l o a di n g w a s  f urt h er i n cr e as e d t o 1. 0 8  wt. %  M A  
l o a di n g, t h e M FI  dr asti c all y  i n cr e as e d t o 3 9. 7  g/ 1 0  mi n.   T h e  d at a  dis pl a y e d  t h at ≥ 0. 5 4  
wt. %  M A  l o a di n g, t h e vis c o sit y  is si g nifi c a ntl y v er y  l o w f or us ef ul  pr o c essi n g  pl asti c  
a p pli c ati o n  r el ati n g t o m e c h a ni c al  pr o p ert y  a p pli c ati o n;  es p e ci all y  a b o v e  0. 5 4  wt. %  M A,  




t h e m at eri als  l a c k us a bilit y  f or r e al-w orl d  pr o c essi n g  a p pli c ati o n.   F or  i nst a n c e, t h e fi b er 
s pi n ni n g  a p pli c ati o n  of  P L A  h as  M FI  v al u e s  ⁓ 1 5 -3 0  g/ 1 0  mi n  a c c or di n g. 1 3 8    
 
 
4. 5. 5. 2  Eff e ct  of  M A  L o a di n g  o n  t h e Vis c o el asti c  P r o p e rti e s  of  n e at  P L A  a n d  
M A -P L A D 7/ 0. 5 wt. %  C N Cs  wit h  V a ri o u s  M A  L o a di n g  a n d  C o n st a nt  0. 7 7 2  
wt. %  D C P  
 
T h e  eff e ct  of  M A  l o a di n g o n  t h e vis c o el asti c  pr o p erti es  of  m al e at e d  
P L A D 7/ C N C s  n a n o c o m p o sit es  ar e  ass es s e d  usi n g  d y n a mi c  r h e ol o gi c al m e a s ur e m e nt  
p erf or m e d  at  1 6 5  ° C  i n t h e fr e q u e n c y r a n g e of  0. 0 1 − 1 0 0  r a d/s wit hi n  t h e vis c o el asti c  
r e gi o n ( 1 % str ai n is t a k e n b a s e d  o n  t h e s m all a m plit u d e  str ai n s w e e p  a n al ysis);  s e e 
A p p e n di x  A  f or str ai n s w e e p  s p e ctr a.   N e at  P L A  a n d  all  m al e at e d  P L A D 7/ C N C s  s a m pl es 
w er e  dri e d  a n d  m elt  mi x e d  u n d er  t h e s a m e c o n diti o ns.   T h e  fr e q u e n c y ( ω) d e p e n d e n c y  of  
st or a g e m o d ul us  ( G′), l o ss m o d ul us  ( G ″), c o m pl e x  vis c o sit y  ( η *) ar e  dis pl a y e d  i n Fi g ur e  
3 6  f or all  m at eri als.    
I n t h e l o w er fr e q u e n c y r e gi o n, G′  is l o w er t h a n G ″,  w hi c h  i n di c at e t h at all  
m at eri als  w er e  i n a  m elt  p h as e  d uri n g  t esti n g.  S u m m ari z e d  n u m eri c al  v al u es  of   G′,  G ″,  
a n d  η *  at  1  r a d/s ar e  list e d i n T a bl e  1 5.   As  dis c u ss e d  i n s e cti o n 4. 5. 5. 1  ( M FI r es ult s), w e  
f o c us e d t h e r h e ol o gi c al st u d y o n  l o w-M A  l o a di n g, i n cl u di n g t h e s a m pl e wit h  0. 5 4  wt. % . 
Fi g ur e  3 7  a n d  3 8  s h o w a  dr asti c  i n cr e a s e i n b ot h  m o d uli  a cr o ss  t h e e ntir e  
fr e q u e n c y r egi o ns  of  t h e n a n o c o m p o sit es  c o nt ai ni n g  0. 0 1 2 5,  0. 0 2 5,  0. 0 5,  a n d  0. 1  wt. %  
M A  c o m p ar e  t o n e at  P L A.   At  0. 2 7 wt. %  M A  l o a di n g, t h e n a n o c o m p o sit e  gr a d u all y  
c h a n g es  it s r h e ol o gi c al b e h a vi or.   It s m o d uli  dr o p p e d  cl o s er  t o P L A  i n t h e l o w-fr e q u e n c y 
r e gi o n a n d  f urt h er d e cr e as e d  at  hi g h  fr e q u e n ci es.  T his  b e h a vi or  is pr o mi n e nt  i n t h e hi g h - 
  




fr e q u e n c y r e gi o n of  t h e l o ss m o d ul u s  of  t h e 0. 2 7 wt. %  M A  n a n o c o m p o sit e.   I n cr e asi n g 
M A  l o a di n g t o 0. 5 4  wt. %,  t h e n a n o c o m p o sit e  e x hi bit e d  v er y  l o w m o d uli  b el o w  P L A.    
As  o bs er v e d  i n t h e l o w-fr e q u e n c y r e gi o n, t h e dr asti c  i n cr e as e i n m o d uli  e x hi bit e d  
b y  l o w-M A  n a n o c o m p o sit es  ( 0. 0 1 2 5 –  0. 1  wt. %)  i n di c at es t h at t h e c h e mi c al  m o difi c ati o n  
of  P L A  at  t h es e w ei g ht  p er c e nt a g es  si g nifi c a ntl y i m pr o v es t h eir c o m p ati bilit y.   T his  
p h e n o m e n o n  is s h o wn  i n t h e dr asti c  i n cr e a s e of  b ot h  st or a g e a n d  l o ss m o d uli  a cr o ss  t h e 
f ull fr e q u e n c y r e gi o n.  At  hi g h  fr e q u e n c y, t h e n a n o c o m p o sit es  s h o w m or e  s oli d -li k e 
b e h a vi or  c o m p ar e d  t o n e at  P L A.   T h e  o bs er v e d  s oli d -li k e b e h a vi or  c a n  b e  attri b ut e d  t o a  
str o n g er  i nt erf aci al  i nt er a cti o n b et w e e n  P L A  a n d  C N Cs,  t h er e b y e n a bli n g  a  str o n g er  
r ei nf or c e m e nt eff e ct  of  t h e n a n ofill er  i n P L A -m atri x.  
 
 
Fi g u r e  3 7 . G′  vs  ω  (r a d/s) at  1 %  str ai n a n d  1 6 5  ℃  of   n e at  P L A  a n d  M A -P L A D 7 / 0. 5 
wt. %  C N Cs  wit h  0. 7 7 2  wt. %  D C P  a n d  v ari o us  M A  n a n o c o m p o sit es.  
 
 
O n  t h e ot h er  h a n d,  t h e 2 M A -P L A D 7/ C N C s  ( 0. 2 7 wt. % M A) is s e e n d e vi ati n g  fr o m 
s oli d -li k e b e h a vi or  b y  b e c o mi n g  m or e  li k e t h e p ol y m er  i n st or a g e m o d ul u s  at  hi g h -
fr e q ue n c y  r e gi o n; t h e n, l o w er i n l o ss m o d ul u s  at  b ot h  hi g h  a n d  l o w fr e q u e n c y c o m p ar e d  
t o P L A  ( s e e Fi g ur e  3 8).   T h e  r es ult s s h o w t h at at  0. 2 7  wt. %  M A  h a s  b e c o m e  m or e  li q ui d-




li k e.  W e  c a n  ass u m e  t h at at  t his p oi nt,  t h e p ol y m er -fill er n et w or k  r es ulti n g fr o m str o n g  
i nt er a cti o n w as  n o w  b e c o mi n g  w e a k er  b y  i n cr e a si n g M A  l o a di n g w hi c h  is pr o mi n e nt  i n 
t h e p o or  vis c o el a sti c  b e h a vi or  of  t h e 0. 5 4 wt. %  M A  n a n o c o m p o sit e.   W h e n  0. 5 4  wt. %  
M A  l o a di n g w as  a d d e d  t o t h e s yst e m,  a n  e ntir el y  n e w  r h e ol o gi c al b e h a vi or  e m er g e d,  
w hi c h  w as  vi vi dl y  s h o w n b y  G′  a n d  G ″  m o d uli  of  t h e 5 M A -P L A D 7/ C N Cs  
n a n o c o m p o sit e.   T h e  m o d uli  w er e  o bs er v e d  t o dr asti c all y  dr o p p e d  a cr o ss  t h e e ntir e  
















Fi g u r e  3 8 . G ″  vs  ω  (r a d/s) at  1 %  str ai n a n d  1 6 5  ℃  of  n e at  P L A  a n d  M A -P L A D 7 / 0. 5 




As  s h o w n i n T a bl e  1 5,  t h e a d diti o n  of  0. 0 1 2 5  wt. %  wit h  0. 7 7 2  wt. %  D C P  t o 
P L A/ 0. 5  wt. %  i nt er a cti o ns r es ult e d i n t h e G′  a n d  G ″  i n cr e a si n g fr o m 5 7. 7   t o 1 7 4 6 0. 0  P a  
a n d  1 7 7 8. 0  t o 1 6 5 5 0. 1  P a,  r es p e cti v el y, at  1  r a d/s.  As  t h e M A  l o a di n g i n cr e a s e t o 0. 5 4  
wt. %,  G′  a n d  G ″  dr asti c all y  d e cr e as e d  t o 2. 2  P a  a n d  1 6. 5  P a,  r es p e cti v el y. T h e  r es ult s 
s h o w f e w er p ol y m er -fill er i nt er a cti o ns si g nifi c a ntl y i n cr e asi n g r a n d o m m o v e m e nt  i n 




P L A -c h ai n  b e h a vi or.   T h e  dr asti c  i n cr e a s e i n m o d uli  at  1  r a d/s cl e arl y  s h o w e d  t h at l o w-
M A  l o a di n g n a n o c o m p o sit es  e x hi bit e d  si g nifi c a nt  i m pr o v e m e nt i n m elt  str e n gt h c o m p ar e  
t o n e at  P L A  a n d  t h e ot h er  n a n o c o m p o sit es,  w hi c h  will  b e  f urt h er dis c us s e d  i n t h e 
cr e e p/r e c o v er y  m e as ur e m e nt  b el o w .  T a bl e  1 5  h a s  t h e n u m eri c al  v al u e s  of  t h e m o d uli  a n d  
c o m pl e x  vis c o sit y  at  1  r a d/s. 
T h e  fr e e m o v e m e nt  i n P L A  c h ai n  d u e  t o t h e a d diti o n  of  M A  a b o v e  0. 2 7 wt. %  
r es ult e d i n a  hi g h  i n cr e a s e i n t h e m elt  fl ui dit y of  P L A , w hi c h  is attri b ut e d  t o t h e 
pl a sti ci zi n g  eff e ct  of  M A.   I n cr e asi n g m elt  fl ui dit y is als o  i n cr e asi n g t h e p ol y m er  c h ai n  
m o bilit y  t h at w o ul d  i n cr e as e p ol y m er  c h ai n  sli p p a g e u n d er  t h e a p pli e d  f or c e 
d ef or m ati o n. 1 8 7    
 
T a bl e  1 5 . R h e ol o gi c al  P ar a m et er s  at  1  r a d/s of  N e at  P L A  a n d  P r e p ar e d P L A/ 0. 5  
wt. %  C N Cs  N a n o c o m p o sit es wit h  0. 7 7 2  wt. %  D C P  a n d  V ari o us  M A  L o a di n g  
 
 
S a m pl e  
D esi g n ati o n  
St or a g e  
M o d ul us  
G′  ( P a) 
L oss  
M o d ul us  
G ″  ( P a) 
C o m pl e x  
Vis c osit y  
η *  ( P a. s) 
 
Fr e q u e n c y  
ω  (r a d/ s) 
N e at  P L A  5 7. 7  1 7 7 8. 0  1 7 7 9. 0  1  
 0 1 M A -P L A D 7/ C N C s  1 7 4 6 0. 0  1 6 5 5 0. 0  2 4 0 6 0. 0  1  
0 2 M A -P L A D 7/ C N C s  7 0 3 0. 0  1 0 1 6 0. 0  1 2 3 6 0. 0  1  
0 5 M A -P L A D 7/ C N C s  3 8 3 5. 0  6 2 6 8. 0  7 3 4 9. 0  1  
1 M A -P L A D 7/ C N C s  2 6 6 1. 0  5 8 2 9. 0  6 4 0 7. 0  1  
2 M A -P L A D 7/ C N C s  4 4 4. 0  1 7 8 6. 0  1 8 4 0. 0  1  




C o ns e q u e ntl y,  Fi g ur e  3 9  s h o ws t h e v ari ati o n  of  c o m pl e x  vis c o sit y  ( η *) wit h  M A  
l o a di n g a n d  fr e q u e n c y ( ω).  At  l o w er fr e q u e n ci es, a  dr asti c  i n cr e as e i n c o m pl e x  vis c o sit y  




( η *) w as  o bs er v e d  f or l o w-M A  n a n o c o m p o sit es  c o m p ar e d  t o 0. 5 4  wt. %  M A  a n d  n e at  
P L A.   T his  dr asti c all y  i n cr e a s e d η *  is pri m a ril y d u e  t o t h e hi g h  i n cr e a s e i n G ′ e x hi bit e d  










Fi g u r e  3 9 . η *  vs  ω  (r a d/s) at  1  %  str ai n a n d  1 6 5  ℃  of  n e at  P L A  a n d  M A -P L A D 7 / 0. 5 
wt. %  C N Cs  wit h  0. 7 7 2  wt. %  D C P  a n d  v ari o us  M A  n a n o c o m p o sit es.  
 
C o m p ati bilit y  i n t his s yst e m cr e at e d  a  cr o ssli n k e d  n et w or k  t h at r estri ct e d 
m o v e m e nt  i n p ol y m er  c h ai ns , t h us r es ult e d i n t h e dr asti c  i m pr o v e m e nt i n t h e vis c o el asti c  
of  t h e m at eri als.   F or  i nst a n c e, 0 1 M A -P L A D 7/ C N C s  s a m pl e e x hi bit e d  t h e hi g h e st  
c o m pl e x  vis c o sit y,  w hil e  2 M A -P L A D 7/ C N Cs  s h o w e d  a  n oti c e a bl e  i n cr e a s e i n vis c o sit y  
as  c o m p ar e d  t o P L A;  b ut,  5 M A -P L A D 7/ C N Cs  si g nifi c a ntl y d e cr e a s e d  i n vis c o sit y  
c o m p ar e d  t o t h e p ol y m er  a n d  ot h er  n a n o c o m p o sit es.   E v e nt u all y,  t h e c o m pl e x  vis c o sit y  
d e cr e as es  wit h  i n cr e a si n g M A  l o a di n g.  B esi d es  M A  l o a di n g, t h e c o m pl e x  vis c o sit y  of  
n e at  P L A  a n d  m al e at e d  P L A/ C N C s  n a n o c o m p o sit es  d e cr e as e d  wit h  i n cr e a si n g fr e q u e n c y.  




T his  b e h a vi or  s h o ws t h at t h es e m at eri als  ar e  e x hi biti n g  n o n -N e wt o ni a n  b e h a vi or.   T h e  
s h e ar -t hi n nin g  b e h a vi or  o bs er v e d  i n t h e s e m at eri als  c a n  b e  attri b ut e d  t o t h e f ull ali g n m e nt  
a n d  dis e nt a n gl e m e nt  of  t h e r o d-li k e p arti cl e s  of  C N Cs  a n d  P L A  c h ai ns  i n t h e fl o w 
dir e cti o ns,  t h us r e d u ci n g t h e vis c o sit y  at  hi g h  fr e q u e n c y.4 9 -5 2  
       It is s e e n i n T a bl e  1 6  t h at u p o n  a d di n g  j u st 0. 0 1 2 5  wt. %  wit h  0. 7 7 2 wt. %  D C P  t o 
P L A/ 0. 5  wt. %  C N Cs  m atri x,  t h e vis c o sit y  i n cr e a s e d fr o m 1 7 7 9. 0  P a. s  ( n e at P L A)  t o 
2 4 0 6 0. 0  P a. s  (0 1 M A -P L A D 7/ C N Cs).   D u e  t o t h e i m pr o v e d c o m p ati bilit y  b et w e e n  P L A  
a n d  C N C s  at  l o w-M A  l o a di n g, it c o ul d  b e  t h e y h a v e  f or m e d a  br us h -li k e str u ct ur e  
m a ki n g  t h e m e x hi bit  g o o d  r h e ol o gi c al pr o p erti es  (s e e Fi g ur e  2 2). 1 4 7, 1 7 1 -1 7 8    
 
T a bl e  1 6 . C h a n g e  i n L o w -Fr e q u e n c y  Sl o p es  of  G′  a n d  G ″  vs . ω  a n d  H a n  Pl ot  of  
N e at  P L A  a n d  P L A/ 0. 5  wt. %  C N Cs  N a n o c o m p o sit es  wit h  0. 7 7 2  wt. %  D C P  a n d  
V ari o us  M A  L o a di n g  
  
S a m pl e  
D esi g n ati o n  
Sl o p e  of  G′  
vs.  ω  
Sl o p e  of  
G ″  vs.  ω  
Sl o p e  of  
H a n  Pl ot  
 
R 2  
N e at  P L A  1. 6 7  0. 9 6  1. 7 4  0. 9 9 9  
 0 1 M A -P L A D 7/ C N Cs  0. 6 6 7  0. 5 3 7  1. 1 1  0. 9 9 9  
0 2 M A -P L A D 7/ C N Cs  0. 8 5 4  0. 6 3 2  1. 1 9  0. 9 9 9  
0 5 M A -P L A D 7/ C N Cs  0. 9 3 0  0. 7 5 0  1. 2 4  0. 9 9 9  
1 M A -P L A D 7/ C N Cs  0. 9 7 8  0. 7 4 5  1. 2 7  0. 9 9 9  
2 M A -P L A D 7/ C N Cs  0. 9 9 8  0. 8 6 7  1. 3 3  0. 9 9 9  
5 M A -P L A D 7/ C N Cs  1. 2 3  0. 9 4 1  1. 8 2  0. 9 9 9  
 
Fi g ur e  4 0  ill u str at es h o w  a  b us h -li k e p ol y m er -fill er n et w or k  w o ul d  o c c ur  w h e n  
c o m p ati bili z e d  p ol y m er  c h ai ns  e n a bl e  t h e n a n ofill er s  t o i nt er c o n n e ct b y  cr o ssli n ki n g  t o 
t h e m.  I n s u c h a  s yst e m,  t h e c o m p ati bili z er  s er v es as  a  bri d g e , t h us cr e ati n g  str o n g  
i nt erf a ci al i nt er a cti o ns.  A  str o n g er  i nt erf a ci al p h as e  c a n  c o ntri b ut e  t o a  r e d u cti o n i n 
i nt erl a y er sli p p a g e,  t h er e b y i n cr e a si n g t h e vis c o sit y  of  t h e m at eri al.    












Fi g u r e  4 0 . S c h e m ati c  s h o wi n g  t h e b u s h -li k e p ol y m er -fill er n et w or k.  
 
I m pr o vi n g t h e c o m p ati bilit y  b et w e e n  h y dr o p hili c  a n d  h y dr o p h o bi c  m at eri als  c a n  
r es ult i n a  str o n g er  i nt erf a ci al p h a s e,  t h er e b y i m pr o vi n g t h eir i nt erf a ci al i nt er a cti o ns.1 6 6 -1 7 2   
T h e  eff e ct  of  c o m p ati bilit y  r es ulti n g i n str o n g  i nt erf a ci al i nt er a cti o ns i n p ol y m er  bl e n ds  
a n d  p ol y m er  n a n o c o m p o sit es  c a n  b e  a c c es s e d  b y  i d e ntif yi n g t h e c o m p o siti o n  at  w hi c h  
a d d e d  a d diti v es  i nfl u e n c e t h e p ol y m er  m elt s  t o l e a v e fr o m a  s oli d -li k e t o li q ui d-li k e 
b e h a vi or  or  vi c e  v er s a  usi n g  d y n a mi c  r h e ol o gi c al m e a s ur e m e nt s  a n d  c r e e p-r e c o v er y 
m e a s ur e m e nt s. 1 8 4 -1 9 0    
  
4. 5. 5. 2. 1  I d e ntif yi n g  Li q ui d  t o S oli d  T r a n siti o n  ( L T S) Vis c o el a sti c  B e h a vi o r  of   
N e at  P L A  a n d  M A -P L A D 7/ 0. 5 wt.  C N Cs  wit h  V a ri o u s  M A  L o a di n g  a n d  
C o n st a nt  0. 7 7 2  wt. %  D C P  
 
W e  st u di e d  t h e li q ui d t o s oli d  tr a nsiti o n L T S  t o el u ci d at e  t h e c o m p o siti o n  at  
w hi c h  M A  i n cr e as e s or  d e cr e as es  P L A/ C N Cs  i nt erf a ci al i nt er a cti o ns w er e  c o n d u ct e d .  
Li k e  m al e at e d  p ol y ol efi ns,  t h er e c o ul d  b e  i n-sit u mi cr o str u ct ur es  u nit s  i n t h es e  
  




n a n o c o m p o sit es; 1 1 5, 1 4 2, 1 4 7  as  a  r es ult, t h er e w o ul d  b e  a  v ast  diff er e n c e  i n L T S  of  t h e 
m at eri als  c o m p ar e d  t o n e at  P L A.  
I n t h e c as e  of  a  c o m p ati bili z e d  s yst e m,  a  cr o ssli n k e d  P L A -C N Cs  s yst e m w o ul d  
r es ult i n a  b us h -li k e str u ct ur e  b y  cr o ssli n ki n g  p ol y m er -fill er c h ai ns  ( s e e Fi g ur e  4 0  
a). 3 3, 1 1 5, 1 3 4, 1 4 0, 1 4 4    Fi g ur e  4 1  ill u str at es P L A -C N Cs  i nt er a cti o ns i n a  cr o ssli n ki n g  p att er n  
cr e ati n g  a  b u s h -li k e P L A -C N Cs  n et w or k.   Li k e  i n t his w or k,  pr e vi o us  D M A  a n d  
m e c h a ni c al  t esti n g h a v e  pr o v e n  t h at l o w M A  n a n o c o m p o sit es  e x hi bit  str o n g  i nt erf a ci al 
i nt er a cti o ns c o m p ar e  t o t h eir hi g h  M A  c o u nt er p arts.    
Li k e  m al e at e d  p ol y ol efi ns,  t h e r h e ol o gi c al pr o p erti es  of  t h e M A -P L A D &/  C N Cs  
n a n o c o m p o sit es  c o ul d  b e  attri b ut e d  t o t h eir str u ct ur al pr o p erti es  s u c h as  a  mi cr o str u ct ur e  
I, II, or  III ( s e e s e cti o n 2. 8. 1).  1 1 5, 1 4 2, 1 4 7   T h es e  i n-s it u mi cr o str u ct ur es  ar e  r e p ort e d t o 
r es ult i n t h e f or m ati o n of  a  b us h -li k e, br a n c h -li k e, a n d  c o m b -li k e str u ct ur al p ol y m er -
n a n o c o m p o sit e  n et w or ks.   Fi g ur e  4 1  ill u str at es a  b us h -li k e, br a n c h -li k e, a n d  c o m b -li k e 
str u ct ur al p ol y m er -n a n o c o m p o sit e  n et w or k.   T h e  C o m b -li k e str u ct ur es p ol y m er  c o nt ai ns  
s e v er al si d e c h ai ns  w hi c h  h a v e  b e e n  r e p ort e d t o e x hi bit  l e ss i m pr o v e d r h e ol o gi c al 
pr o p erti e s  c o m p ar e  t o t h e br a n c h -li k e p ol y m er. 1 7 2    
 






Fi g u r e  4 1 . S c h e m ati c  s h o wi n g  ( a) b us h -li k e p ol y m er -fill er n et w or k,  ( b) br a n c h -li k e 
p ol y m er -fill er n et w or k,  a n d  ( c) c o m b -li k e p ol y m er -fill er n et w or k.  
 
T h e  dr asti c  c h a n g e  i n P L A  m o d uli  a n d  c o m pl e x  vis c o sit y  as  a  f u n cti o n of  M A  
l o a di n g i n di c at es a n  L T S  tr a nsiti o n al tr en d.   All  s a m pl es w er e  o bs er v e d  t o l e a v e fr o m a  
s oli d -li k e t o li q ui d-li k e vis c o el a sti c  b e h a vi or.   T h e  s oli d -li k e t o t h e li q ui d-li k e tr a nsiti o n 
of  t h es e n a n o c o m p o sit es  c o ul d  r es ult fr o m t h e f or m ati o n of  a  j a m m e d n et w or k  of  
i nt er a cti n g p arti cl e s  at  l o w a n d  i nt er m e di at e v ol u m e  fr a cti o n, w hi c h  w a s  o bs er v e d  i n t h e 




l o w-M A  n a n o c o m p o sit es.   T h e  d at a  i n di c at es a  b u s h -li k e i nt er c o n n e ct e d p ol y m er -
p arti cl es  n et w or k  i n t h e l o w-M A  n a n o c o m p o sit es. 1 8 0 -1 8 5   Z h o u  et  al 1 8 2  d es cri b e d  t his 
b us h -li k e fill e d-p ol y m er  n et w or k  (r h eol o gi c al  p er c ol ati o n)  as  a  g el -li k e str u ct ur e 
r es ulti n g fr o m str o n g  i nt erf a ci al i nt er a cti o ns, t h er e b y all o wi n g  t h e f or m e d n et w or k  t o a ct  
as  a  p h ysi c al  cr o ss -li n ki n g p oi nt.   T o  i d e ntif y a  f or m e d p ol y m er -fill er n et w or k,  t h e v a n  
Gr u p -P al m e n  pl ot,  t h e C ol e -C ol e  pl ot,  r e vis e t h e C ol e -C ol e  pl ot  ( H a ns pl ot),  a n d  yi el d  
p oi nt  pl ot s  of  all  m at eri als  w er e  st u di e d  a n d  c o m p ar e  t o n e at  P L A.  
Fi g ur e  4 2  s h o ws t h e v a n  G ur p -P al m e n  pl ot,  w hi c h  pr es e nt s  t h e p h a s e  a n gl e  ( δ) 









F i g u r e 4 2 . v a n  Gr u p -P al m e n  Pl ot  of  n e at  P L A  a n d  M A -P L A D 7/ 0. 5  wt. %  C N Cs  
n a n o c o m p o sit es  wit h  0. 7 7 2  wt. %  D C P  a n d  v ari o us  M A -l o a di n g. 
 
It is w ell  est a blis h e d  t h at t h e v a n  G ur p -P al m e n  pl ot  c a n  b e  us e d  t o st u d y t h e 
i nt erf a ci al i nt er a cti o n r es ulti n g fr o m c o m p ati bilit y  eff e ct  o n  t w o-p h as e  s yst e ms. 1 4 0 -1 4 6, 1 7 2  
T h e  p h a s e  a n gl e  of  t h e 0 1 M A -P L A D 7/ C N Cs  s a m pl e d e cr e as e d  a n d  s hift e d  t o w ar d 4 5 °.   It 
h a s  b e e n  r e p ort e d t h at w h e n  t h er e is a n  i n cr e a s e i n i nt erf a ci al i nt er a cti o n, t h e p h as e  a n gl e  




of  t h e s a m pl e s d e cr e as e s  a n d  s hift s t o v al u e  l es s t h a n 4 5 °. 1 4 4   R e d u cti o n  i n p h as e  a n gl e  is 
as cri b e d  t o t h e d e v el o p m e nt  of  s oli d -li k e str u ct ur e  i n t h e P L A  m atri x  t hr o u g h t h e 
f or m ati o n of  p h ysi c all y  cr o ss -li n k e d str u ct ur es. 1 4 4, 1 4 5, 1 4 7   H o w e v er,  a s M A  l o a di n g 
i n cr e a s e d, t h e p h as e  a n gl e  als o  i n cr e as e d.  A n  i n cr e as e i n p h a s e  a n gl e  a p pr o a c hi n g  9 0 º is 
as cri b e d  t o a  n e at  p ol y m er  a n d  p o or  c o m p ati bili z e d  fill e d p ol y m er s  a n d  li q ui d-li k e 
b e h a vi or  of  t h e m at eri al. 1 4 5 -1 4 7   V al u es  of  t h e p h as e  a n gl e  at  0. 0 1  r ad/s  f or n e at  P L A,  
0 1 M A -P L A D 7/ C N Cs,  2 M A -P L A D 7/ C N C s,  a n d  5 M A -P L A D 7/ C N C s  ar e  8 9. 1º,  5 4. 6º,  
7 9. 4º,  a n d  8 9. 3º,  r es p e cti v el y.  It t ur ns o ut  t h at t h e s oli d -li k e b e h a vi or  of  P L A  is e x hi bit e d  
b y  t h e n a n o c o m p o sit es  c o nt ai ni n g  <  0. 2 7  wt. %  M A  l o a di n g, b ut,  at  0. 2 7  wt. %  M A  
l o a di n g, t h e m at eri al  b e gi ns  t o e x hi bit  li q ui d-li k e b e h a vi or,  w hi c h  is f urt h er dis pl a y e d  b y  
t h e s a m pl e c o nt ai ni n g  0. 5 4  wt. %  M A  l o a di n g.  T h e  r es ult s h o ws t h at t h e 5 M A -
P L A D 7/ C N C s  s a m pl e is m or e  li q ui d-li k e t h a n n e at  P L A,  w hi c h  c a n  b e  as cri b e d  t o a  
pl a s ti ci z ati o n eff e ct.   Fr o m  t h e p h as e  a n gl e  a n al ysis,  w e  c o n cl u d e  t h at t h e P L A  
n a n o c o m p o sit es  c o nt ai ni n g  l o w-M A  l o a di n g ar e  m or e  s oli d -li k e ( el asti c-li k e); it is d u e  t o 
str o n g  i nt erf a ci al i nt er a cti o ns i n P L A -C N Cs  n et w or k  r es ulti n g fr o m M A  c o m p ati bilit y  
eff e ct .  T h e  0. 2 7  wt. %  M A  l o a di n g is t h e p er c ol ati o n  l o a di n g sit e w h er ei n  t h e m at eri als  
tr a nsiti o n fr o m s oli d -li k e t o li q ui d-li k e.  S o,  v a n  Gr u p -P al m e n  pl ot  a n al ysis  i n di c at es t h at 
t h e b us h -li k e n et w or k  o c c ur s  d u e  t o M A  c o m p ati bilit y  eff e ct  at  l o w M A  l o a di n g a s  f ar as  
0. 2 7  wt. %  M A  t h e n, a b o v e  t his l o a di n g, t h e m at eri als  ar e  d o mi n at e d  b y  t h e M A  
pl a sti ci z ati o n  eff e ct.   
Fi g ur e  4 3  s h o ws th e  s e c o n d  pl ot , a  C ol e -C ol e  pl ot  w hi c h  pl ot s  t h e i m a gi n ar y 
vis c o sit y  ( η ″) v er s es  r e al vis c o sit y  ( η′).  A  C ol e -C ol e  pl ot  is als o  a  v al u a bl e  t o ol us e d  t o 




i n v e sti g at e t h e r h e ol o gi c al b e h a vi or  of  p ol y m er -fill er a n d  p ol y m er  bl e n d s. 1 4 6, 1 6 7   W u  et  
al. 1 6 7  r e p ort e d t h at it s i n v e sti g ati o n is b a s e d  o n  t h e f or m ati o n of  o n e  ar c  a n d  t w o ar cs,  
w hi c h  c orr es p o n d  t o t h e r el a x ati o n of  t h e p ol y m er  m atri x  at  l o w a n g ul ar  fr e q u e n ci e s a n d  
fill e d-p ol y m er  at  hi g h er  fr e q u e n ci es r es p e cti v el y.  T h e y  e x pl ai n e d  t h at t h e t ail of  t h e ar c  
o c c urri n g  at  t h e hi g h -vis c o sit y  si d e is as cri b e d  t o t h e l o n g-t er m r el a x ati o n of  a  fill er 
str u ct ur e. 1 6 7    
Fi g ur e  4 3  s h o ws t h at t h e n e at  p ol y m er  e x hi bit e d  a  o n e  ar c  crit eri o n  w hil e  t h e 
n a n o c o m p o sit es  c o nt ai ni n g  M A  l o a di n g ≥ 0. 5 4  wt. %  e x hi bit e d  ps e u d o -li k e ar c  wit h  t h e 
t ail o c c urri n g  at  hi g h  vis c o sit y.   T h e  s a m pl e 5 M A -P L A D 7/ C N C s  d e vi at e d  c o m pl et el y  
fr o m t his b e h a vi or.   Al s o,  t h e 0 1 M A -P L A D 7/ C N Cs  s h o w a  c o m pl et e  li n e ar f or m t h us 
l e a di n g o ur  i n v esti g ati o n t o usi n g  H a ns  pl ot , w hi c h  is t h e m o difi e d  v er si o n  of  t h e C ol e -
C ol e  pl ot.    
 















Fi g u r e  4 3 . C ol e -C ol e  Pl ot  of  n e at  P L A  a n d  M A -P L A D 7/ 0. 5  wt. %  C N Cs  n a n o c o m p o sit es  
wit h  0. 7 7 2  wt. %  D C P  a n d  v ari o us  M A -l o a di n g. 




H a ns  pl ot  is t h e t hir d pl ot  us e d  t o i n v esti g at e t h e fill er eff e ct  a n d  i nt erf a ci al 
i nt er a cti o ns ( s e e Fi g ur e  4 4 ).1 4 1 -1 4 6   I n Fi g ur e  4 4 , l o w M A  s a m pl e s s h o w c o m pl et e  
li n e arit y i n G ′ vs  G ″  c ur v e s.   A b o v e  t his p oi nt;  h o w e v er,  t h er e is a  dr a m ati c  c h a n g e  i n t h e 
sl o p e of  G ′ vs  G ″  c ur v e s  d u e  t o d e vi ati o n  i n t h e f or m ati o n of  a  n et w or k  str u ct ur e.  
Li n e arit y  r es ulti n g i n a  r e d u cti o n i n sl o p e v al u e s  h as  b e e n  r e p ort e d as  a  str o n g  i nt erf a ci al 
i nt er a cti o n i n a  p ol y m er -fill er n et w or k;  str o n g  i nt erf a ci al i nt er a cti o n c o m es  fr o m t h e 
eff e ct  of  si g nifi c a nt  c o m p ati bilit y  i n p ol y m er -fill er i nt er a cti o ns.1 4 2 -1 4 6    
 
Fi g u r e  4 4 . H a ns  Pl ot  of  n e at  P L A  a n d  M A -P L A D 7/ 0. 5  wt. %  C N Cs  n a n o c o m p o sit es  wit h  
0. 7 7 2  wt. %  D C P  a n d  v ari o us  M A -l o a di n g. 
 
As  o bs er v e d  i n Fi g ur e  4 4 , t h e l o w-M A  l o a di n g i m p e d es t h e p ol y m er  c h ai ns  
m o bilit y  r es ulti n g i n a  c h a n g e  i n r h e ol o gi c al pr o p erti es;  w hil e  t h e 0. 5 4 wt. %  M A  
e x hi bit e d  fr e e m o v e m e nt  i n p ol y m er  c h ai n  m o bilit y,  w hi c h  als o  aff e ct e d  t h e r h e ol o gi c al 
pr o p ert y  of  t h e m at eri al.   Fi g ur e  4 4  s h o ws G ′ vs.  G ″  c ur v es  f or n e at  P L A  a n d  M A -




P L A D 7/ C N C s  n a n o c o m p o sit es.   It s h o ws t h at t h e sl o p e of  t h e G ′ vs.  G ″  c ur v e  d e cr e as es  
wit h  l o w M A  l o a di n g (s e e T a bl e  1 6).   S o,  as  M A  l o a di n g e x c e e d s  0. 2 7  wt. %,  t h e sl o p e of  
t h e c ur v es  c h a n g e s  dr asti c all y,  i n di c ati n g a  si g ni fi c a nt  c h a n g e  i n t h e mi cr o str u ct ur e  of  t h e 
n a n o c o m p o sit es. 1 8 1 -1 8 4    
It is w ort h  n oti n g  t h at t h e sl o p es f or b ot h  m o d uli  i n t h e t er mi n al r e gi o n w er e  
l o w er f or l o w-M A  s a m pl e s.  T h e n,  it a g ai n  i n cr e as e s as  t h e M A  l o a di n g i n cr e a s es.  F or  
e x a m pl e,  t h e sl o p e of  G′  v er s us  fr e q u e n c y dr asti c all y  d e cr e as e d  fr o m 1. 6 7  f or n e at  P L A  
t o 0. 6 6 7  f or 0 1 M A -P L A D 7/ C N Cs  a n d  0. 9 9 8  f or 2 M A -P L A D 7/ C N Cs;  b ut  si g nifi c a ntl y 
i n cr e a s e t o 1. 2 3  f or 0 5 M A -P L A D 7/ C N C s.   T h e  w e a k er  d e p e n d e n c e  of  t h e m o d ul u s  o n  t h e 
a n g ul ar  fr e q u e n c y, n a m el y  g e ntl e  sl o p e,  o bs er v e d  f or l o w-M A  n a n o c o m p o sit es  is 
c h ar a ct eristi c  of  s oli d -li k e b e h a vi or  of  p ol y m er  m elt.   T h e  s oli d -li k e b e h a vi or  s h o ws t h at 
t h es e m at eri als  ar e  m or e  el asti c -li k e c o m p ar e d  t o n e at  P L A  a n d  hi g h -M A  s a m pl e s.   I n 
a d diti o n,  l o w sl o p e v al u es  i n di c at e t h er e is m or e  pr ol o n g e d  r el a x ati o n, t h us, m a ki n g  t h e m 
s uit a bl e f or re al -w orl d  m elt  pr o c essi n g  t e c h ni q u e s s u c h as  t h er m of or mi n g.  Wit h  H a ns  
pl ot  a n al ysis,  w e  o bt ai n  sil e nt  i nf or m ati o n o n  t h e r el a x ati o n b e h a vi or  a n d  el a sti cit y  of  
t h es e l o w-M A  m at eri als.   S o,  it is als o  i nt er esti n g t o i d e ntif y t h e M A  l o a di n g at  w hi c h  
t h es e n a n o c o m p o sit es  l eft fr o m b ei n g  el a sti c -li k e t o pl asti c -li k e, w hi c h  l e a ds us  t o 
i n v e sti g at e t h e pl ot  c o nsisti n g  of  η */ ω  vs  G */ ω.  
Fi g ur e  4 5  s h o ws η */ ω  vs.  G */ ω;  t his pl ot  e x pl ai ns  h o w  a  η */ ω  of  fill e d p ol y m er  
di v er g es  at  a n  as y m pt oti c  G */ ω  v al u e  d efi n e d  as  t h e yi el d  p oi nt.  T h e  yi el d  p oi nt  ( el asti c 
li mit) is t h e p oi nt  at  w hi c h  t h e m at eri als  l e a v e fr o m a n  el a sti c -li k e b e h a vi or  t o a  pl a sti c -
li k e b e h a vi or. 1 4 6, 1 6 6    














Fi g u r e  4 5 . η */ ω  (r as/s) vs  G */  ω  (r a d/s) of  n e at  P L A  a n d  M A -P L A D 7/ 0. 5  wt. %  C N Cs  
n a n o c o m p o sit es  wit h  0. 7 7 2  wt. %  D C P  a n d  v ari o us  M A -l o a di n g. 
 
 
In  t his pl ot,  t h er e is a  dr asti c  c h a n g e  i n η */ ω  vs . G */ ω  as  M A  l o a di n g e x c e e ds  
0. 2 7  wt. %  a n d  t h e n at  0. 2 7 wt. %  t h e m at eri al  a ct s  sli g htl y el a sti c  i n l o w-fr e q u e n c y r e gi o n 
t h e n m o v e  t o l o w er η */ ω  vs . G */ ω  at  hi g h  fr e q u e n c y.  S o,  t h e n t h e 0. 2 7 wt. %  M A  is t h e 
p oi nt  at  w hi c h  t h e n a n o c o m p o sit es  b e c a m e  li mit e d i n el a sti cit y  at  hi g h er   G */ ω.   T his  
d at a  als o  c o nfir m  t h e i nt erf a ci al i nt er a cti o ns l o w-M A  n a n o c o m p o sit es,  t h us e x hi biti n g  
m or e  el a sti c -li k e b e h a vi o r.  T h e  0. 5 4 wt. %  n a n o c o m p o sit es  e x hi bit e d  a  c o m pl et e  pl a sti c -
li k e b e h a vi or.   S o,  b el o w  0. 2 7  t h e m at eri al  b e h a v es  m or e  el asti c -li k e w hil e  a b o v e  t his 
l o a di n g t h e m at eri al  ar e  m or e  pl a sti c -li k e, m e a ni n g  w e  c a n  c o n cl u d e  t h at 0. 2 7 wt. %  M A  
l o a di n g is t h e yi el d  p o i nt. 
 
 





4. 5. 5. 2. 2  C r e e p -R e c o v e r y  B e h a vi o r  of  N e at  P L A,  P L A/ C N Cs  0. 5 wt. %  wit h   
V a ri o u s  M A  L o a di n g  a n d  C o n st a nt  0. 7 7 2  wt. %  D C P   
 
T h e  cr e e p -r e c o v er y m e as ur e m e nt s  w er e  p erf or m e d  usi n g  a  T A  I nstr u m e nt s A R G 2  
r h e o m et er.  Dis k -s h a p e d  s a m pl e s of  2 5 -m m  di a m et er  a n d  3 -m m  t hi c k n e ss w er e  us e d  f or 
p ar all el  pl at e  r h e o m etr y u n d er  air.   All  s a m pl e s w er e  dri e d  at  4 5  ℃  t o pr e v e nt  m oist ur e  
i nt a k e.  S h ort -Ti m e  d e p e n d e nt  cr e e p -r e c o v er y m e a s ur e m e nt s  f or n e at  P L A  a n d  it s 
n a n o c o m p o sit es  w er e  c o n d u ct e d  at  a  s h e ar  f or c e of  1 9 6 0  p a  at  1 7 5  ℃.   Aft er  e a c h  cr e e p  
st e p,  t h e s h e ar  str ess w as  r e m o v e d, a n d  t h e s a m pl e w as  all o w e d  t o u n d er g o  r e c o v er y at  
t h e s a m e ti m e u tili z e d b y  t h e cr e e p.   T h e  s h ort  ti m e-d e p e n d e nt  cr e e p  t est w as  c arri e d  o ut  
at  a  c o nst a nt  t e m p er at ur e a n d  a p pli e d  s h e ar  f or c e.  Fr o m  t h e cr e e p -r e c o v er y 
m e a s ur e m e nt s,  w e  c al c ul at e d  t h e r el a x ati o n ti m e of  e a c h  m at eri al  u si n g  e q u ati o n  4.   T h e  
r el a x ati o n ti m e is a  v al u a bl e  p ar a m et er  us e  i n u n d er st a n di n g  t h e p erf or m a n c e  of  p ol y m er s  
s u c h as  a  m elt  str e n gt h of  a  m at eri al.   A v er a g e  r el a x ati o n ti m e =  ƞ  ( P a. s)( 1/ P a) E q.  ( 7) 
w h er e  η  is vis c o sit y  fr o m t h e cr e e p  i n P a. s,  a n d  1/ P a  is t h e r e c o v er y c o m pli a n c e,  J.    
T a bl e  1 7  s u m m ari z e s t h e cr e e p  vis c o sit y,  r e c o v er y c o m pli a n c e  J,  r el a x ati o n ti m e, 
of  n e at  P L A , a n d  t h e n a n o c o m p o sit es.   Cr e e p  is a  ti m e-d e p e n d e nt  d ef or m ati o n  u n d er  a n  
a p pli e d  l o a d.  A n  i d e al cr e e p -r e c o v er y t h er m o gr a m of  a  vis c o el a sti c  m at eri al  is s h o w n i n 
Fi g ur e  4 6 .  T h e  str ai n r at e d e cr e as es  as  a  f u n cti o n of  ti m e i n t h e cr e e p  r e gi o n u ntil , 
fi n all y, it r e a c h e s a  st e a d y st at e ( s e e Fi g ur e  4 6 ).  I n t h e r e c o v er y r e gi o n, t h e vis c o el a sti c  
m elt  r e c oils, e v e nt u all y  r e a c hi n g a n  e q uili bri u m  at  s o m e s m all t ot al str ai n r el ati v e t o t h e 
str ai n at  u nl o a di n g.    
 




T a bl e  1 7 . Cr e e p -R e c o v er y  D at a  S h o wi n g  C al c ul at e d  M elt  Str e n gt h  of  N e at  P L A  a n d  
P L A/ 0. 5  wt. %  C N Cs  wit h  L o w  M A  L o a di n g  a n d  C o nst a nt  D C P   
 
 
S a m pl e  
D esi g n ati o n  
 
M A  
( wt. %)  
 
Cr e e p  
ƞ  ( P a.  S)
 
R e c o v er y  
c o m pli a n c e  
J (t) ( 1/ P a) 
 
R el a x ati o n  






N e at  P L A   1. 1 7 x 1 0
4
 1. 2 8 x 1 0 -4  1. 5  0. 9 9 9 9 7  
0 1 M A -P L A D 7/ C N Cs  0. 0 1 2 5  1. 2 5 x 1 0 5  2. 1 0 x 1 0 -4  2 6. 2  0. 9 9 9 9 8  
0 2 M A -P L A D 7/ C N Cs  0. 0 2 5 0  8. 7 2 x 1 0 4  2. 5 x 1 0 -4  2 1. 4  0. 9 9 9 9 9  
0 5 M A -P L A D 7/ C N Cs  0. 0 5 0 0  7. 9 x 1 0 4  2. 4 3 x 1 0 -4  1 9. 1  0. 9 9 9 9 8  
1 M A -P L A D 7/ C N Cs  0. 1 0 0  7. 7 4 x 1 0 4  2. 3 4 x 1 0 -4  1 8. 1  0. 9 9 9 9 9  
  2 M A -P L A D 7/ C N Cs   0. 2 7 0  2. 6 6 x 1 0 4  2. 7 9 x 1 0 -4  7. 4  1. 0 0 0 0 0  
 
    
 
Fi g u r e  4 6 . A  t y pi c al cr e e p - r e c o v er y r es p o ns e of  a  vis c o el a sti c  r es p o ns e. 
 
Fi g ur e  4 7  dis pl a ys  t h e cr e e p -r e c o v er y t h er m o gr a m of  n e at  P L A  a n d  it s 
n a n o c o m p o sit es .  I niti all y, t h e cr e e p  c ur v e s  f or n e at  P L A  a n d  it s n a n o c o m p o sit es  w er e  
o bs er v e d  t o e x hi bit  a n  i nst a nt a n e o us i n cr e a s e i n str ai n,  w hi c h  is attri b ut e d  t o t h e el asti c  
r es p o ns e of  t h e m at eri al  a n d  l at er a  vis c o el asti c  r es p o ns e, w hi c h  i n v ol v e s ti m e-d e p e n d e nt  
m ol e c ul ar  r e arr a n g e m e nt. 1 8 8 -1 8 9    




    
Fi g u r e  4 7 . C r e e p-r e c o v er y r es p o ns e of  n e at  P L A  a n d  M A -P L A D 7/ 0. 5  wt. %  C N Cs  wit h  
0. 0 1 2 5,  0. 0 2 5,  0. 0 5 0 0 , 0. 1 0 0  a n d  0. 2 7 0  wt. %  M A  at  0. 7 7 2  wt. %  D C P . 
 
Vis c o us  fl o w is o bs er v e d  t o w ar ds t h e e n d  of  e a c h  l o a d a p pli c ati o n  p eri o d. 1 8 8 -1 8 9   
H o w e v er,  w h e n  t h e l o a d w as  r e m o v e d, it r es ult s i n a  r a pi d d e cr e as e  i n str ai n r es p o ns e, 
w hi c h  is e q u al  t o t h e i niti al el asti c  r es p o ns e, es p e ci all y  f or  0 1 M A -P L A D 7/ C N Cs  
n a n o c o m p o sit e.  
Fi g ur e  4 8  s h o ws t h e vi vi d  c o m p aris o n  b et w e e n  n e at  P L A  a n d  t h e 0 1 M A -
P L A D 7/ C N C s  s a m pl e r e c o v er y r e gi o ns aft er  t h e l o a d w as  r e m o v e d.  T h e  r e c o v er y p eri o d  
i n v ol v es ti m e-d e p e n d e nt  m ol e c ul ar  r el a x ati o n as  t h e p ol y m er  att e m pt s  t o r e g ai n ori gi n al  
di m e nsi o ns.  1 8 9   Si n c e  n e at  P L A  a n d  it s n a n o c o m p o sit es  e x p eri e n c e d  vis c o us  fl o w, t h e 
f ull r e c o v er y is n ot  r e a c h e d, t h er e b y r e s ulti n g i n p er m a n e nt  d ef or m ati o n  of  t h e m at eri als.   
S o,  t h e r es ult s s h o w t h at n e at  P L A  u n d er g o es  l es s dis pl a c e m e nt  t h a n t h e n a n o c o m p o sit e.    




    
Fi g u r e  4 8 . Cr e e p -r e c o v er y r es p o ns e of  n e at  P L A  a n d  0 1 M A -P L A D 7 / C N C s 
n a n o c o m p o sit e . 
 
T h e  l e ss dis pl a c e m e nt  of  t h e p ol y m er  i n di c at es a  l o w er vis c o sit y,  w hil e  t h e m or e  
m a ssi v e  dis pl a c e m e nt  i n di c at es a  si g nifi c a nt  i m pr o v e m e nt i n t h e p ol y m er  d u e  t o it s 
c h e mi c al  m o difi c ati o n  a n d  C N C s  r ei nf or c e m e nt.  As  o bs er v e d,  i n t h e r e c o v er y r e gi o n, all  
n a n o c o m p o sit es  h a d  a  hi g h  d e gr e e  of  r e c oil c o m p ar e d  t o P L A,  es p e ci all y  f or t h e 0 1 M A -
P L A D 7/ C N C s  n a n o c o m p o sit es.   T h es e  hi g h  r e c oils i n di c at e t h e y ar e  m or e  el a sti c  t h a n 
P L A.  
Fi g ur e  4 9  s h o ws a  pl ot  of  t h e cr e e p  c o m pli a n c e  J v er s us  ti m e ( s e c o n d s). Cr e e p  
c o m pli a n c e  is t h e i n v er s e of  t h e el a sti c  m o d ul us  of  a  m at eri al.   T h e  el asti c  m o d ul us  is t h e 
willi n g n es s  of  a  m at eri al  t o u n d er g o  d ef or m ati o n  w h e n  s h e ar  str ess is a p pli e d. 1 8 9   As  
e x p e ct e d,  t h e 0 1 M A -P L A D 7/ C N Cs  s a m pl e s e x hi bit e d  t h e l o w est v al u e  of  c o m pli a n c e  J 
c o m p ar e  t o P L A  a n d  ot h er  n a n o c o m p o sit es.   As  M A  l o a di n g i n cr e a s es t h e c o m pli a n c e  
als o  i n cr e a s es.  S o,  t h e cr e e p  t est als o  c o nfir ms  t h at t h e 0 1 M A -P L A D 7/ C N Cs  s a m pl e 
e x hi bit e d  t h e hi g h e st  el a sti c  m o d ul us  c o m p ar e d  t o P L A  a n d  all  ot h er  m at eri als.   






Fi g u r e  4 9 . Cr e e p  c o m pli a n c e  r es p o ns e of  n e at  P L A  a n d  M A -P L A D 7 / 0. 5 wt. %  C N Cs  
wit h  0. 0 1 2 5,  0. 0 2 5,  0. 0 5 0 0,  0. 1 0 0,  &  0. 2 7 0  wt. %  M A  at  0. 7 7 2  wt. %  D C P.  
 
As  s e e n i n T a bl e  1 7,  t h e r el a x ati o n ti m e is si g nifi c a ntl y i nfl u e n c e d b y  m al ei c  
a n h y dri d e  l o a di n g i n P L A -C N C s  i nt er a cti o ns.  T h e  r el a x ati o n ti m e f or n e at  P L A  is 1. 5  s 
w hil e  at  0. 0 1 2 5 wt. %  M A  t h e ti m e dr asti c all y  i n cr e as es t o 2 6. 2  s e c o n ds.   H o w e v er,  as  t h e 
M A  l o a di n g i n cr e as e t o 0. 2 7 wt. % M A,  t h e r el a x ati o n dr o ps  7. 4  s e c o n ds.   T his  r es ult 
i n di c at es t h at t h e p ol y m er  c h ai ns  t a k e m or e  ti m e t o r el a x d u e  t o t h e str o n g  i nt erf a ci al 
i nt er a cti o ns as  vi vi dl y  dis pl a y e d  b y  t h e l o w-M A  n a n o c o m p o sit es.  
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C H A P T E R  5  
R E S U L T S  A N D  DI S C U S SI O N  O N  0 1 M A -P L A D 7/ C E L L U L O S E  N A N O C O M P O SI T E S  
P R O D U C E  B Y  H 2 S O 4  H Y D R O L Y SI S  ( S A H), T E M P O,  A N D  A V A P ®  P R O C E S S E S , 
I N C L U DI N G DI L U T E  M A L E A T E D  P L A/ C N C s  N A N O C O M P O SI T E S  
 
 
5. 1  I nt r o d u cti o n 
T his  c h a pt er  pr es e nt s  a  c o m p ar ati v e  st u d y o n  t h er m al pr o p erti es,  t h er m al 
d e gr a d ati o n,  a n d  m e c h a ni c al  b e h a vi or  of  m al e at e d  P L A  r ei nf or c e d wit h  c ell ul o s e  
n a n ofill er s  pr o d u c e d  b y  S A H,  T E M P O,  a n d  A V A P ®  pr o c ess es.   T h e  S A H  a n d  T E M P O  
pr o c ess e d  n a n ofill er s  w er e  r e c ei v e d fr o m F P L,  w hil e  t h e A V A P ® c o u nt er p art s  w er e  
r e c ei v e d fr o m A PI .  T h e  m at eri als  r e c ei v e d fr o m F P L  w er e  fr e e z e-dri e d , a n d  t h e m at eri als  
r e c ei v e d fr o m A PI  w er e  s pr a y-dri e d.   K n o wl e d g e  of  b ot h  t h er m al a n d  m e c h a ni c al  
b e h a vi or s  is k e y  t o d e v el o pi n g  pr o c essi n g  a n d  p o st  pr o c essi n g  pr o c e d ur es. 1 9 1 -1 9 6   T h er m al  
d e gr a d ati o n  a n d  m e c h a ni c al  pr o p erti es  d e di c at e  n a n o c o m p o s it es a p pli c ati o ns.   F or  
e x a m pl e , u n d er st a n di n g  t h e t h er m al st a bilit y of  a  m at eri al  all o w s  t h e pr e di cti o n  of  t h e 
m a xi m u m  pr o c es si n g  t e m p er at ur e.  D et er mi n at i o n of  t h e m e c h a ni c al  pr o p erti e s  all o w s  
t h e pr e di cti o n  of  p erf or m a n c e  w h e n  t h e m at eri als  is s u bj e ct e d  t o str ess.   M a n y  
n a n o c o m p o sit es  c o nt ai ni n g  S A H  a n d  T E M P O  n a n ofill er s  h a v e  b e e n  pr e p ar e d  a n d  
r e p ort e d t o b e  t h er m all y u nst a bl e. 9 2 -9 6, 1 9 1, 1 9 2   A  c o m p ar ati v e  ki n eti c  st u d y o n  t h er m al 
d e gr a d ati o n  a n d  m e c h a ni c al  pr o p erti es  of  m al e at e d  P L A  c o nt ai ni n g  S A H,  A V A P,  a n d  
T E M P O  h as  n ot  b e e n  r e p ort e d i n t h e lit er at ur e.  I n t his st u d y,  t hr e e s a m pl es w er e  
1 1 5  
 
 
pr e p ar e d  a n d  us e d  as  b a s eli n e s , i n cl u di n g; n e at  P L A,  P L A/ 0. 0 1 2 5  wt. % , a n d  P L A/ 0. 7 7 2  
wt. %  D C P/ 0. 0 1 2 5  wt. %.    
A S T M  m et h o d  E  1 6 4 1 – 1 6 ,6 3  a  n o nis ot h er m al  m et h o d,  w as  us e d  t o st u d y t h e 
t h er m al d e gr a d ati o n  of  t h e n e w  n a n o c o m p o sit es  pr e p ar e d  i n t his st u d y.   T h e  
t h er m o d y n a mi c a n d  ki n eti c  p ar a m et er s  w er e  c al c ul at e d  usi n g  O z a w a -Fl y n n -Wall  ( O-F -
W)  a n d  Kis si n g er  m et h o ds .6 3   M e c h a ni c al  a n d  th er m o m e c h a ni c al  a n al ysis  w er e  e m pl o y e d  
t o u n d er st a n d  t h e i nt erf a ci al i nt er a cti o ns a n d  v ari o us  r ei nf or c e m e nt eff e ct  of  t h e 
n a n ofill er s  i n t h e m al e at e d  P L A  m atri x.   We  f o u n d t h at o n e  of  t h e n a n o c o m p o sit es  c o ul d  
b e  us e d  as  a n  a d diti v e  t o P L A  i m pr o v e m elt  str e n gt h a n d  all o w  a  pr ot ot y p e  p art  t o b e  
t h er m of or m e d o n  a  l a b or at or y s c al e.   
 
5. 2 Pi ct u r es of 0 1 M A -P L A D 7/ 0. 5 wt. % C ell ul os e N a n ofill e rs P r o d u c e d b y S A H,  
A V A P ® , a n d T E M P O P r o c es s es  
 
Fi g ur e 5 0  ( a a n d b ) s h o w f or c o m p aris o n pi ct ur es of t h e m al e at e d P L A m atri x, 
M A -P L A D 7, n a n o c o m p o sit es i n c or p or ati n g 0. 5 wt. % S A H  a n d A V A P ® C N C s a n d 
A V A P L -C N Cs , a n d 0. 5 wt. % A V A P ® a n d T E M P O C N Fs, r es p e cti v el y, p r e p ar e d b y 
m elt mi xi n g u n d er t h e c o n diti o ns d es cri b e d i n c h a pt er 3 a n d 4.  Fi g ur e 4 9  ( a) s h o ws t h at 
t h e C N Cs ar e w ell dis p er s e d a n d distri b ut e d t hr o u g h t h e m atri x; h o w e v er, Fi g ur e 4 9 ( b) 
s h o ws t h at t h e C N Fs ar e a g gl o m er at e d i n t h e  m atri x .  A g gl o m er at es i n a P L A m atri x 

















Fi g u r e 5 0 . Pi ct ur es s h o wi n g n a n o c o m p o sit es: ( a) 0 1 M A -P L A D 7/ 0. 5 wt. % C N Cs 
n a n o c o m p o sit es, ( b) 0 1 M A -P L A D 7/ 0. 5 wt. % C N F s n a n o c o m p o sit es.  
 
5. 3 T h e r m al P r o p e rti e s b y T G A a n d D S C of  n e at P L A, 0 1 M A -P L A D 0, 0 1 M A - 
P L A D 7, a n d 0 1 M A -P L A D 7/ 0. 5 wt. % C ell ul os e N a n ofill e rs  P r o d u c e d b y S A H,  
A V A P ® , a n d T E M P O P r o c es s es 
 
5. 3. 1 T h e r m al S t a bilit y b y T G A 
 
T G A w as us e d t o e v al u at e t h e t h er m al pr o p erti e s of t h e  b as eli n e s a n d t h e 0 1 M A -
P L A D 7/ 0. 5 wt. % c ell ul o s e n a n o c o m p o sit es.  Fi g ur e 5 1 a n d 5 2 dis pl a y t h e T G A 
t h er m o gr a ms of all m at eri als.  T h e w ei g ht l o ss a n d t h e d eri v ati v e of w ei g ht l o ss wit h 
r es p e ct t o t e m p er at ur e t h er m o gr a vi m etri c ( D T G) c ur v es f or all s a m pl es wit h a h e ati n g 
r at e of 1 0 ℃/ mi n ar e s h o w n i n Fi g ur e s 51  a n d 5 2 .   
0 1 M A -P L A D 7/ C N Cs( S A H)  0 1 M A -P L A D 7/ C N Cs( A V A P)  0 1 M A -P L A D 7/ L -C N Cs  ( A V A P) 
0 1 M A -P L A D 7/ C N Fs( A V A P)  0 1 M A -P L A D 7/ C N F s( T E M P O ) 




Fi g u r e 5 1 . T G A t h er m o gr a ms s h o wi n g w ei g ht l o ss vs. t e m p er at ur e of t h e n e at P L A, 
0 1 M A -P L A D 0, 0 1 M A -P L A D 7, a n d 0 1 M A -P L A D 7/ 0. 5 wt. % c ell ul o s e n a n ofill er s b y S A H, 
A V A P ® , a n d T E M P O pr o c ess es wit h a h e ati n g r at e of 1 0 ℃/ mi n u n d er nitr o g e n.  
 
 
Fi g u r e 5 2 . D eri v ati v e w ei g ht l o ss vs. t e m p er at ur e of n e at P L A, 0 1 M A -P L A D 0, 0 1 M A -
P L A D 7, a n d 0 1 M A -P L A D 7/ 0. 5 wt. % c ell ul o s e n a n ofill er s b y S A H, A V A P ® , a n d 
T E M P O pr o c ess es wit h a h e ati n g r at e of  1 0 ℃/ mi n u n d er nitr o g e n . 
 
T h e pr ofil e s of w ei g ht l o ss v er s us t e m p er at ur e s h o w a si n gl e -st a g e d e gr a d ati o n 
f or n e at P L A, 0 1 M A -P L A D 0, 0 1 M A -P L A D 7, a n d 0 1 M A -P L A D 7/ c ell ul o s e 
( a) 
( b) 
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n a n o c o m p o sit es.  T h e si n gl e -st a g e d e gr a d ati o n w a s  o bs er v e d a b o v e 2 0 0 ℃ f or e a c h 
m at eri al, w hi c h is t y pi c al of P L A. 3 0, 6 1 -6 3   It i n di c at es t h at u p t o t his p oi nt, t h e p ol y m er 
re m ai ns st a bl e i n t h e m elt p h a s e ; h o w e v er,  i n cr e asi n g t h e t em p er a t ur e a b o v e 2 0 0 ℃ 
r es ult s i n r a pi d d e gr a d ati o n. 
As s e e n i n Fi g ur e 5 1 , t h e o ns et of d e gr a d ati o n t e m p er at ur es ( To ns et ) f or all s a m pl e s 
s hift e d  t o l o w t e m p er at ur e c o m p ar e d t o n e at P L A, e x c e pt f or t h e 0 1 M A -
P L A D 7/ C N C s ( S A H) n a n o c o m p o sit e .  Fi g ur e 5 2  a ls o s h o ws t h e c orr es p o n di n g  D T G p e a ks.  
T h e D T G t h er m o gr a ms of n e at P L A a n d 0 1 M A -P L A D 7/ C N Cs ( S A H) ar e o v erl ai n wit h 
t h eir m a xi m a t e m p er at ur e p e a ks v al u e s of 3 8 2. 2 a n d  3 8 2. 3 ℃, r es p e cti v el y ( s e e T a bl e 
1 5).    
    T a bl e 1 8  pr es e nt s  T 5 , T 1 0 , a n d T 5 0 , t h e t e m p er at ur e at 5, 1 0, a n d 5 0 % w ei g ht l o ss , 
r es p e cti v el y, a n d m a ss  p er c e nt r e m ai ni n g at 6 0 0  o C, a n d  t h e m a xi m u m of d eri v ati v e 
w ei g ht l o ss  wit h r es p e ct t o t e m p er at ur e vs.  t e m p er at ur e D T G c ur v es ( Tm a x ).  T h es e 
t e m p er at ur e v al u e s w er e  d et er m i n e d t o u n d er st a n d t h e t h er m al st a bilit y a n d d e gr a d ati o n 
b e h a vi or of all m at eri als. 6 1, 6 2, 6 3, 1 9 1 -1 9 3   A n i n cr e a s e i n T 5 , T1 0 , T5 0 , a n d r esi d u al m as s 
i n di c at es a n i n cr e as e i n t h er m al st a bilit y a m at eri al es p e ci all y t h e  T 5  v al u e s a n d p er c e nt 
r esi d u al m as s.6 3, 1 9 1 -1 9 3   T h e i niti al w ei g ht l o ss of n e at P L A w as  o bs er v e d t o o c c ur at 3 1 3. 6 
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T a bl e 1 8 . D e gr a d ati o n T e m p er at ur es at 5 %, 1 0 %, a n d 5 0 % W ei g ht L o ss  a n d   
T e m p er at ur e of t h e R a t e of M a xi m u m D e gr a d ati o n ( T m a x ) fr o m t h e D T G of N e at P L A 




M at eri al  
D esi g n ati o n  
D e gr a d ati o n T e m p er at ur es ( ℃)   
R esi d u al  
M a ss  
( wt.%)  
T 5  
( ℃) 
T 1 0  
( ℃) 
T 5 0  
( ℃) 
T m a x  
D T G ( ℃)  
N e at P L A  3 1 3. 6  3 3 2. 6  3 7 4. 7  3 8 2. 2  3. 2 4  
0 1 M A -P L A D 0  3 1 8. 4  3 2 5. 4  3 5 2. 9  3 6 0. 4  0. 5 3  
0 1 M A -P L A D 7  3 1 5. 5  3 2 6. 0  3 5 7. 5  3 6 0. 5  0. 6 7  
0 1 M A -P L A D 7/ C N C s ( S A H) 3 4 4. 7  3 5 3. 7  3 7 7. 8  3 8 2. 3  4. 0 2  
0 1 M A -P L A D 7/ C N C s ( A V A P) 3 1 5. 0  3 2 3. 0  3 5 3. 5  3 6 4. 0  0. 8 5  
0 1 M A -P L A D 7/ L -C N C s ( A V A P) 3 1 6. 6  3 2 4. 6  3 5 5. 1  3 6 6. 6  0. 6 0  
0 1 M A -P L A D 7/ C N F s ( A V A P) 3 1 9. 0  3 2 8. 5  3 5 7. 0  3 7 0. 0  0. 7 9  
0 1 M A -P L A D 7/ C N F s ( T E M P O) 3 0 9. 5  3 1 8. 0  3 4 9. 0  3 5 4. 5  0. 7 6  
 
N e at P L A d e gr a d e d  i n st a g es s u c h as t h at T 5   <  T 1 0  <  T 5 0  wit h T m a x  at 3 8 2. 2 ℃  
a n d a 3. 2 4  % r esi d u e m a ss.   T his d at a is i n a gr e e m e nt wit h t h e lit er at ur e, i n w hi c h it w as  
r e p ort e d t h at P L A, u p o n h e ati n g a b o v e 2 7 0 ℃ u n d er g o es tr a nsit ory r e a cti o n st a g es , s u c h 
as c h ai n s cissi o ns of est er b o n ds a n d cis -eli mi n ati o ns .3 0, 6 2, 6 3, 6 8, 1 9 4   As s e e n i n T a bl e 1 8 , all 
n a n o c o m p o sit es  f oll o w e d si mil ar  d e gr a d ati o n tr e n ds as n e at P L A ; h o w e v er, i n m o st c as es 
e x hi biti n g l o w er t h er m al st a bilit y.   
T h e d at a d e m o n str at e t h at t h e pr es e n c e of 0. 0 1 2 5 wt. %  M A i n t h e P L A m atri x 
i n cr e a s e d t h e i niti al t h er m al d e gr a d ati o n t e m p er at ur es a n d d e cr e as e d t h er m al st a bilit y i n 
t h e hi g h -t e m p er at ur e r e gi o ns.  Th e a d diti o n of  c ell ul o s e n a n ofill er s t o t h e m al e at e d P L A 
m atri x l e d t o si mil ar t h er m al d e gr a d ati o n.  All of t h e m o difi e d P L A s a m pl e s , e x c e pt  
0 1 M A -P L A D 7/ C N F s ( T E M P O) , e x hi bit e d sli g htl y hi g h er T 5  v al u e s .   
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5. 3. 1. 1  T h e r m al D e g r a d ati o n Ki n eti cs b y T G A  
F or  t h e n o nis ot h er m al  ki n eti c  st u d y,  s a m pl e s ( 1 1 ± 2 m g) w er e h e at e d u n d er 
nitr o g e n i n t h e T A G fr o m  2 5  t o 6 0 0  ℃,  wit h  h e ati n g  r at es of  5,  1 0,  1 5,  a n d  2 0  ℃/ mi n.   
T h e  T G A  pr ofil e  of  w ei g ht  l o ss ( %) vs.  t e m p er at ur e of  all  m at eri als  w a s  us e d  t o c al c ul at e  
t h e e xt e nt of c o n v er si o n ( α), w h er e 𝐻𝐻 =
( 𝑚𝑚 0 − 𝑜𝑜 𝑐𝑐 )
( 𝐻𝐻 0 − 𝑚𝑚 𝛥𝛥 )
.  I n t his e q u ati o n, m 0  is t h e i niti al m as s 
of t h e s a m pl e, m F  is t h e fi n al m as s of t h e s a m pl e, a n d m T  is t h e m a ss of t h e s a m pl e at a 
p arti c ul ar t e m p er at ur e .1 9 6   At  t h e e xt e nt  of  c o n v er si o n , t h e a p p ar e nt  a cti v ati o n  e n er g y  
( Ea ), pr e -e x p o n e nti al  f a ct or (A ), t h e d e gr e e  of  c o n v er si o n  ( α), a n d  t h e h alf -lif e w er e  
c al c ul at e d  usi n g  t h e O z a w a -Fl y n n -W all  m et h o d. 6 1, 9 5, 9 6    
Fi g ur e s 5 3  –  5 6  gi v e  r e pr es e nt ati v e t h er m o gr a ms of  t h e w ei g ht  l o ss ( %) vs.  
t e m p er at ur e a n d  d eri v ati v e  of  t h e w ei g ht  l o ss as  a  f u n cti o n of  t e m p er at ur e at  h e ati n g  r at es 
of  5,  1 0,  1 5,  a n d  2 0  ℃/ mi n  f or n e at  P L A  a n d  t h e m al e at e d  P L A  c ell ul o s e  
n a n o c o m p o sit es.   T h e  gr a p hs  dis pl a y  v ari o us  d e c o m p o siti o n  pr ofil es  as  a  f u n cti o n of  
diff er e nt  h e ati n g  r at es; as  t h e h e ati n g  r at e i n cr e as es, t h e pl ot s  s hift  t o hi g h er  t e m p er at ur es.  
T h e  D T G  pl ot s  ill ustr at e t h e v ari ati o n  of  t h e p e a k  m a xi m a  as  a  f u n cti o n of  t h e h e ati n g  
rat e.   T h e  p e a k  m a xi m a  v al u e s  w er e  utili z e d  t o c al c ul at e  ki n eti cs  p ar a m et er s  usi n g  t h e 
Kis si n g er  m et h o d. 6 3, 1 9 1 -1 9 3  
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Fi g u r e 5 3 . R e pr es e nt at i v e T G A w ei g ht l o ss vs. t e m p er at ur e c ur v es f or n e at P L A wit h 
h e ati n g r at es of 5, 1 0, 1 5, a n d 2 0 ° C/ mi n u n d er nitr o g e n . 
 
    
Fi g u r e  5 4 . R e pr es e nt ati v e D T G c ur v es vs. t e m p er at ur e f or n e at P L A  wit h h e ati n g r at es 









Fi g u r e 5 5 . R e pr es e nt at i v e w ei g ht l o ss vs. t e m p er at ur e a n d D T G vs. t e m p er at ur e f or 
m al e at e d P L A/ C N Cs -b as e d n a n o c o m p o sit e c ur v e s wit h h e ati n g r at es of 5, 1 0  1 5 a n d 2 0 
° C/ mi n u n d er nitr o g e n . 
 
 
Fi g u r e 5 6 . R e pr es e nt ati v e w ei g ht l o ss vs. t e m p er at ur e; D T G vs. t e m p er at ur e f or m al e at e d 
P L A/ C N F s -b a s e d n a n o c o m p o sit e wit h h e ati n g r at es of 5, 1 0 1 5 a n d 2 0 ° C/ mi n u n d er 
nitr o g e n . 
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T h e  t h er m al d e gr a d ati o n  of  t h e m o difi e d  P L A  s a m pl e s f oll o w e d tr e n ds t o t h e n e at  
P L A.   F or  e x a m pl e , Fi g ur e  5 5  ill u str at es th at  t h e d e c o m p o siti o n  s hift s t o a  hi g h er  
t e m p er at ur e as  t h e h e ati n g  r at e w as  i n cr e a s ed  f or 0 1 M A -P L A D 7/  C N Cs ( S A H) 
n a n o c o m p o sit es.   T h e  d eri v ati v e  of  w ei g ht  l o ss vs.  t e mp er at ur e  of  t his n a n o c o m p o sit e  
s hift e d  t o hi g h er  t e m p er at ur es wit h  i n cr e a si n g h e ati n g  r at es.  Si mil ar  r es ult s ar e  o bs er v e d  
i n Fi g ur e  5 6 ; all  w ei g ht  l o ss th er m o gr a m  c ur v es  a n d  c orr es p o n di n g  D T G  p e a ks  s hift  t o 
hi g h er  t e m p er at ur es as  t h e h e ati n g  r at e i n cr e as e s f or t h e 0 1 M A -P L A D 7/ C N Fs  ( A V A P).   
 
5. 3. 1. 1 . 1 Ki ssi n g e r M et h o d  
T h e Kis si n g er m et h o d us es t h e m a xi m u m t e m p er at ur e ( Tm ) p e a k v al u es fr o m t h e 
d eri v ati v e w ei g ht l o ss c ur v e s v er s u s t e m p er at u r e at e a c h h e ati n g r at e t o c al c ul ate t h e  
a cti v ati o n e n er g y ( E a ) a n d pr e -e x p o n e nti al f a ct or ( A ).1 9 1 -1 9 3   As o bs er v e d  i n Fi g ur es 54  - 
5 6 , all pl ot s ar e fr e e fr o m s h o ul d er s i n di c ati n g t h at t h e Kis si n g er m et h o d is a g o o d fit a n d 
i m pli es t h at t h e a cti v ati o n e n er g y is c o nsist e nt o v er t h e f ull r a n g e of c o n v er si o n t h er e b y 
m a ki n g t h e t h er m al d e c o m p o siti o n pr o c ess a si n gl e -st e p m o d el. 6 1 -6 3   I n t h e Kis s in g er 
m et h o d , t h e t h er m o d y n a mi c p ar a me t er s w er e  o bt ai n e d b y p l otti n g 𝐻𝐻 𝑚𝑚 �
𝑜𝑜
𝑐𝑐 𝐻𝐻




w h er e β  is t h e h e ati n g r at e, a n d T m  is t h e m a xi m u m of D T G as a f u n cti o n of t e m p er at ur e.  
Wit h t h e sl o p e =  
− E a
𝐻𝐻
 a n d i nt er c e pt = 𝑐𝑐 𝑐𝑐 �
𝑓𝑓 ∙𝑓𝑓
E a
� , w h er e E a  is t h e a cti v ati o n e n er g y, R  is t h e 
g as c o nst a nt, a n d A  is t h e pr e-e x p o n e nti al f a ct or. 6 2, 6 3, 1 9 2    Fi g ur e 5 7 - 5 9 dis p ut e  t h e 
r e pr es e nt ati v e s  Kis si n g er d at a pl ot of n e at P L A, m al e at e d P L A D 7/ C N C s & C N Fs 
n a n o c o m p o sit es, a n d t h e d at a fr o m t h es e pl ot s ar e s u m m ari z e d i n T a bl e 1 9 - 2 1  f or all 
s a m pl es.   




Fi g u r e 5 7 . R e pr es e nt ati v e gr a p h s h o wi n g t h e a p pli c ati o n of t h e Kis si n g er m et h o d t o n e at 
P L A  n o nis ot h er m al d at a . 
 
 
Fi g u r e 5 8 . R e pr es e nt ati v e gr a p h s h o wi n g t h e a p pli c ati o n of t h e Kis si n g er m et h o d t o 
0 1 M A -P L A D 7/ C N Cs ( S A H) n o nis ot h er m al d at a . 
y = -1 5 9 8 1 x + 1 4. 7 1 3
R² = 0. 9 9 9 3
- 1 1. 5 0
- 1 1. 3 0
- 1 1. 1 0
- 1 0. 9 0
- 1 0. 7 0
- 1 0. 5 0
- 1 0. 3 0
- 1 0. 1 0
- 9. 9 0
- 9. 7 0
- 9. 5 0









y = -1 4 6 5 4 x + 1 2. 5 7 5
R² = 0. 9 8 4 6
- 1 1. 5 0
- 1 1. 3 0
- 1 1. 1 0
- 1 0. 9 0
- 1 0. 7 0
- 1 0. 5 0
- 1 0. 3 0
- 1 0. 1 0
- 9. 9 0
- 9. 7 0
- 9. 5 0
1. 5 2 E- 0 3 1. 5 4 E- 0 3 1. 5 6 E- 0 3 1. 5 8 E- 0 3 1. 6 0 E- 0 3 1. 6 2 E- 0 3 1. 6 4 E- 0 3








1/ T ( K -1 )
( b)
N e at  P L A  














Fi g u r e 5 9 . R e pr es e nt ati v e gr a p h s h o wi n g t h e a p pli c ati o n of t h e Kis si n g er m et h o d t o 
0 1 M A -P L A D 7/ C N F s ( A V A P)  n o nis ot h er m al d at a . 
 
T a bl e 1 9  list s t h e o ns et of t h e d e c o m p o siti o n t e m p er at ur e ( To n s et ) a n d Tm a x  of D T G 
p e a k ( 1 0  ℃ / mi n), c al c ul at e d E a,  pr e -e x p o n e nti al f a ct or y, a n d esti m at e d h alf -lif e at 4 3 5  K  
( 1 6 0 ℃)  f or n e at P L A, 0 1 M A -P L A D 0, a n d 0 1 M A -P L A D 7.  T h e d at a s h o w t h at t h e 
a d diti o n of o nl y  0. 0 1 2 5 wt. %  M A t o P L A m atri x r e d u c e d t h e a cti v ati o n e n er g y a n d pr e -




y = -1 6 0 8 5 x + 1 4. 9 2 2
R² = 0. 9 9 7 6
- 1 1. 5 0
- 1 1. 3 0
- 1 1. 1 0
- 1 0. 9 0
- 1 0. 7 0
- 1 0. 5 0
- 1 0. 3 0
- 1 0. 1 0
- 9. 9 0
- 9. 7 0
- 9. 5 0
1. 5 4 E- 0 3 1. 5 6 E- 0 3 1. 5 8 E- 0 3 1. 6 0 E- 0 3 1. 6 2 E- 0 3 1. 6 4 E- 0 3








0 1 M A -P L A D 7/ C N Fs ( A V A P)
1 2 6  
 
 
T a bl e 1 9 . Ki n eti c P ar a m et er s C al c ul at e d f or t h e N e at P L A, 0 1 M A -P L A D 0 , a n d 0 1 M A -
P L A D 7 u si n g t h e Kissi n g er M et h o d  
 
 
S a m pl e 
D esi g n ati o n  
T o n s et , 
h e ati n g  r at e of 1 0 
° C/ mi n  
D T G P e a k 
M a x, 1 0 
° C/ mi n  
 
E a  
( k J/ m ol) 
 
L n A  
A  ( mi n-1 ) 
t1/ 2   at  
( 4 3 5 K, 1 6 0 ℃) 
( mi n) 
 
N e at P L A  3 6 1. 3 ° C  
( 6 3 6. 5 K) 
3 8 2. 2  
( 6 5 7. 4) 
1 3 4. 0  2 0. 4 4  
( 7. 5 0 x 1 08 ) 
 
3. 1 5 x 1 0 3  
 
0 1 M A -P L A  3 3 8. 0 ° C  
( 6 1 3. 2 K) 
3 6 0. 4  
( 6 3 5. 6 K) 
1 2 4. 0  1 8. 4 8  
( 1. 0 6 x 1 08 ) 
 
1. 3 0 x 1 0 3  
 
 
0 1 M A -P L A D 7  3 3 6. 8 ° C  
( 6 1 2. 0 K) 
3 6 0. 5  
( 6 3 5. 7 K) 
1 1 4. 0  1 6. 4 3  
( 1. 3 6 x 1 07 ) 
7. 0 5 x 1 0 2  
 
 
T o n s e t is t h e o ns et of d e gr a d ati o n t e m p er at ur e; E a  is t h e a cti v ati o n  
e n er g y, A  is t h e pr e-e x p o n e nti al f a ct or, a n d t1/ 2  is t h e h alf-lif e. 
 
T h e ki n eti c p ar a m et er s c al c ul at e d f or  0 1 M A -P L A D 7/ C N Cs ( S A H), 0 1 M A -
P L A D 7/ C N C s ( A V A P), a n d 0 1 M A -P L A D 7/ L -C N C s ( A V A P) ar e s h o w n i n T a bl e 2 0 .  T h e d at a 
i n T a bl e 2 0  i n di c at e t h at t h e m al e at e d P L A/ C N Cs( S A H), h as l o w er t h er m al st a bilit y t h a n 
t h e 0 1 M A -P L A D 7/ C N C s A V A P ®  n a n o c o m p o sit es.  0 1 M A -P L A D 7/ L -C N Cs ( A V A P) w a s 
f o u n d t o b e t h e m o st t h er m all y st a bl e n a n o co m p o sit e , w hi c h is attri b ut e d t o t h e li g ni n 
c o at e d o nt o t h e C N Cs, w h er ei n li g ni n is a k n o w n a nti o xi d a nt  a n d  c a n q u e n c h 
r a di c als.3 6, 4 9   T h e s e r es ult s i n di c at e t h at t h e A V A P ®  n a n o c o m p o sit es c a n b e pr o c ess e d 





1 2 7  
 
 
T a bl e 2 0 . Ki n eti c P ar a m et er s C al c ul at e d f or 0 1 M A -P L A D 7/ C N Cs ( S A H),  




S a m pl e D esi g n ati o n  
T o n s et , 
h e ati n g  r at e of 1 0 
° C/ mi n  
D T G P e a k 
M a x, 1 0 
° C/ mi n  
 
E a  
( k J/ m ol) 
 
L n A  
A  ( mi n-1 ) 
 
t1/ 2  
( mi n) 
 
0 1 M A -
P L A D 7/ C N Cs ( S A H) 
3 5 6. 6 ° C  
( 6 3 1. 8 K) 
3 8 2. 4  
( 6 5 7. 6) 
1 2 2. 0  1 8. 0 7  
( 7. 0 6 x 1 07 ) 
 
 
1. 1 5 x 1 0 3  
 
0 1 M A -
P L A D 7/ C N Cs ( A V A P) 
3 3 3. 9 ° C  
( 6 0 9. 1 K) 
3 6 4. 0  
( 6 3 9. 2 K) 
1 3 5. 0  2 0. 7 1  
( 9. 8 9 x 1 08 ) 
 
3. 3 6 x 1 0 6  
 
0 1 M A -P L A D 7/ L -
C N Cs ( A V A P) 
3 3 4. 8 ° C  
( 6 1 0. 1 K) 
3 6 6. 6  
( 6 4 1. 8 K) 
1 3 9. 5  2 1. 5 6  
2. 3 1 x 1 0 8  
 
3. 5 6 x 1 0 4  
 
 
T o n s et  is t h e o ns et of d e gr a d ati o n t e m p er at ur e; E a  is t h e a cti v ati o n  
e n er g y, A  is t h e pr e-e x p o n e nti al f a ct or, a n d t1/ 2  is t h e h alf-lif e. 
 
T a bl e 2 1  list s ki n eti c p ar a m et er s f or all m al e at e d P L A/ C N Fs-b a s e d 
n a n o c o m p o sit es.  T h is d at a ill u str at es t h at t h e T E M P O o xi d ati o n of t h e c ell ul o s e 
n a n ofill er s si g nifi c a ntl y r e d u c e d t h e t h er m al st a bilit y of t h e c orr es p o n di n g 
n a n o c o m p o sit e.  
 
T a bl e 2 1 . Ki n eti c P ar a m et er s C al c ul at e d f or t h e 0 1 M A -P L A D 7/ C N Fs ( A V A P) a n d  




S a m pl e D esi g n ati o n  
T o n s et , 
h e ati n g  r at e 
of 1 0 ° C/ mi n  
D T G P e a k  
M a x,  
1 0 ° C/ mi n  
 
E a  
( k J m ol-1 ) 
 
L n A  
A  ( mi n-1 ) 
 
t1/ 2  
( mi n) 
 
0 1 M A -P L A D 7/ C N Fs ( A V A P) 3 3 4. 0 ° C  
( 6 3 6. 5 K) 
3 7 0. 0  
( 6 5 7. 4 K) 
1 2 2. 1  1 8. 1 9  
( 7. 9 5 x 1 07 ) 
 
1. 1 1 x 1 0 3  
 
0 1 M A -P L A D 7/ C N Fs ( T E M P O) 3 2 5. 9 ° C  
( 6 1 2. 0 K) 
3 4 9. 0  
( 6 3 5. 7 K) 
1 0 1. 0  1 4. 0 9  
( 1. 3 1 x 1 06 ) 
 
1. 7 0 x 1 0 2  
 
 
T ( o ns et)  is t h e o ns et of d e gr a d ati o n t e m p er at ur e; E a  is t h e a cti v ati o n  
e n er g y, A  is t h e pr e-e x p o n e nti al f a ct or, a n d t1/ 2  is t h e h alf-lif e. 
 
 
1 2 8  
 
 
 5 . 3. 1.1 . 2 O z a w a -Fl y n n -W all M et h o d  
T h e  O z a w a -Fl y n n -W all  (O -F -W ) m et h o d  w as  us e d  t o i n v esti g at e t h e t h er m al 
d e c o m p o siti o n  of  n e at  P L A  a n d  m o difi e d  P L A  s a m ples  b y  e m pl o yi n g  t h e e q u ati o n:   
𝐻𝐻 𝑚𝑚 𝑜𝑜( 𝑐𝑐 ) = 𝐻𝐻 𝑚𝑚 𝛥𝛥 �
𝐻𝐻 ∙E a
𝑐𝑐
� − 𝑐𝑐 𝑓𝑓 𝑓𝑓( 𝑓𝑓 ( 𝑓𝑓 ) ) − 2 .3 1 5 − 0 .4 5 6 7
E a
𝑓𝑓 𝑓𝑓
 , w h er e  β  is t h e h e ati n g  r at e, 
a n d  α  is t h e d e gr e e  of  c o n v er si o n.   T h e  s et  f ail ur e crit eri o n  f or α  usi n g  t h e O -F -W  m et h o d  
r a n g es fr o m 0. 5  t o 0. 1 2  ( 5 % t o 1 2 %),  a c c or di n g  t o A S T M  E  –  1 6 4 1  –  1 6.   H o w e v er,  o ur  
a n al ysis  c o nsi d er e d  t h e r a n g e fr o m 0. 6  t o 0. 9  ( 6 % - 9 0 %)  t o a c q uir e  k n o wl e d g e  o n  t h e 
d e gr a d ati o n  b e h a vi or  at  a  l o w er d e gr e e  of  c o n v er si o n  i n c o m p aris o n  t o hi g h er  o n es.   T h e  
esti m ati o n  of  a p p ar e nt  E a a n d  A  w er e  d et er mi n e d  b y  t h e d at a  r es ulti n g fr o m t h e li n e ar fit s.  
Fi g ur e  6 0  dis pl a y s str ai g ht  li n es f or t h e d e gr e e  of  c o n v er si o ns,  fr o m 0. 6  t o 0. 9  ( 6 % - 
9 0 %);  e a c h  tr e n d li n e c o nstit ut es  a  d e gr e e  of  c o n v er si o n  r e p ort e d i n d e ci m al  a n d  
c o m pris e s  d at a  p oi nt s  fr o m t h e 5,  1 0 , 1 5 , a n d  2 0  ° C/ mi n  h e ati n g  r at e T G A  e x p eri m e nt s .   
 





Fi g u r e 6 0 . R e pr es e nt ati v e gr a p h s h o wi n g t h e a p pli c ati o n of t h e O z a w a-Fl y n n -W all 
m et h o d t o n e at P L A.  T h e d e gr e e of c o n v er si o n i n cr e as es fr o m ri g ht t o l eft a n d is 
r e pr es e nt e d b y t h e r es p e cti v e tr e n d li n e s i n d e ci m al v al u es: 0. 1 5, 0. 2, 0. 2 5, 0. 3, 0. 3 5, a n d  
0. 4).  
 
Fi g ur e  6 0  ill u str at es d at a  p oi nt s  f or n e at  P L A  o bt ai n e d  at  t h e d e gr e e  of  c o n v er si o n  
r a n gi n g fr o m 0. 6  –  0. 4.   As  o bs er v e d,  all  t h e d at a  i n Fi g ur e  6 0  f or m str ai g ht  li n e s t h at ar e  
p ar all el  t o e a c h  ot h er,  w hi c h  d e m o nstr at es  t h at t h e d at a  fit s t h e O -F -W  m et h o d.   T h e  d at a  
r a n gi n g fr o m 0. 4 5  t o 0. 9 0,  as  pl ott e d  i n Fi g ur e  6 1 , als o  r es ult e d i n str ai g ht  p ar all el  li n es.  
A  si mil ar  p att er n  w as  o bs er v e d  f or t h e m o difi e d  P L A  s a m pl es.    
Fi g ur e  6 0  a n d  6 1  dis pl a y  t h e str ai g ht  li n es f or t h e d e gr e e  of  c o n v er si o ns,  fr o m 0. 6  
t o 0. 9  ( 6 % - 9 0 %);  e a c h  tr e n d li n e c o nstit ut es  a  d e gr e e  of  c o n v er si o n  r e p ort e d i n d e ci m al  
a n d  c o m pris es  d at a  p oi nt s  fr o m t h e 5,  1 0,  1 5  a n d  2 0  ° C/ mi n  h e ati n g  r at e T G A  








0. 0 0 1 5 3 0. 0 0 1 5 8 0. 0 0 1 6 3 0. 0 0 1 6 8 0. 0 0 1 7 3 0. 0 0 1 7 8
0. 1 5 0. 2 0. 2 5 0. 3 0. 3 5 0. 4




N e at  P L A  




Fi g u r e 6 1 . R e pr es e nt ati v e gr a p h s h o wi n g t h e a p pli c ati o n of t h e O z a w a -Fl y n n -W all 
m et h o d t o n e at P L A.  T h e d e gr e e of c o n v er si o n i n cr e as es fr o m ri g ht t o l eft a n d is 
r e pr es e nt e d b y t h e r es p e cti v e tr e n d li n e s i n d e ci m al v al u es: ( 0. 4 5, 0. 5 0, 0. 5 5, 0. 6 0, 0. 6 5, 
0. 7 0, 0. 7 5, 0. 8 0, 0. 8 5 , a n d 0. 9 0).  
 
Fi g ur e s 6 2  a n d  6 3  dis pl a y  t h e d at a  o bt ai n e d  utili zi n g  t h e O z a w a -Fl y n n -W all 
m et h o d  f or 0 1 M A -P L A D 7/ C N Cs ( S A H) n a n o c o m p o sit es .  Si mil ar  pl ot s  f or t h e 0 1 M A -
P L A D 7/ C N Fs ( A V A P) ar e  s h o w n i n A p p e n di x  B  - t h e d at a  fro m  str ai g ht  p ar all el  li n es 
a cr o ss  t h e c o n v er si o n  r a n g e e x a mi n e d .  Fr o m  t h es e d at a,  t h e ki n eti c  p ar a m et er s  w er e  
c al c ul at e d,  a n d  e n er gi e s  o bt ai n e d  w er e  us e d  t o cr e at e  pl ot s  of  t h e d e gr e e  of  c o n v er si o n  
( α) v er s us  a cti v ati o n  e n er g y  f or all  t h e t est e d s a m pl e s.  Fi g ur e  6 4  d is pl a ys t h e pl ot  
s h o wi n g  t h e c al c ul at e d  e n er gi es  v er s e s  t h e d e gr e e  of  c o n v er si o n  w hi c h  ill u str at e t h e 










0. 0 0 1 5 0. 0 0 1 5 2 0. 0 0 1 5 4 0. 0 0 1 5 6 0. 0 0 1 5 8 0. 0 0 1 6 0. 0 0 1 6 2 0. 0 0 1 6 4 0. 0 0 1 6 6
0. 4 5 0. 5 0. 6 0. 6 5 0. 7
0. 7 5 0. 8 0. 8 5 0. 9




N e at P L A






Fi g u r e 6 2 . R e pr es e nt ati v e gr a p h s h o wi n g t h e a p pli c ati o n of t h e O z a w a -Fl y n n -W all 
m et h o d t o t h e 0 1 M A -P L A D 7/ C N C s ( S A H).  T h e d e gr e e of c o n v er si o n i n cr e as es fr o m ri g ht 
t o l eft a n d is r e pr es e nt e d b y t h e r es p e cti v e tr e n d li n es i n d e ci m al v al u es: ( 0. 1 5, 0. 2 0, 0. 2 5, 




Fi g u r e 6 3 . R e pr es e nt ati v e gr a p h s h o wi n g t h e a p pli c ati o n of t h e O z a w a -Fl y n n -W all 
m et h o d t o t h e 0 1 M A -P L A D 7/ C N C s ( S A H).  T h e d e gr e e of c o n v er si o n i n cr e as es fr o m ri g ht 
t o l eft a n d is r e pr es e nt e d b y t h e r es p e cti v e tr e n d li n es i n d e ci m al v al u es: 0. 4 5 , 0.5 0 , 5 5, 








0. 0 0 1 5 3 0. 0 0 1 5 8 0. 0 0 1 6 3 0. 0 0 1 6 8 0. 0 0 1 7 3 0. 0 0 1 7 8












0. 0 0 1 5 0. 0 0 1 5 2 0. 0 0 1 5 4 0. 0 0 1 5 6 0. 0 0 1 5 8 0. 0 0 1 6 0. 0 0 1 6 2 0. 0 0 1 6 4 0. 0 0 1 6 6
0. 4 5 0. 5 0. 6 0. 6 5 0. 7




1/ T ( K -1 )
0 1 M A -P L A D 7/ C N Cs ( S A H)




Fi g u r e 6 4 . R e pr es e nt ati v e gr a p h s h o wi n g t h e a cti v ati o n e n er gi es c al c ul at e d usi n g t h e 
O z a w a -Fl y n n -W all m et h o d vs. t h e d e gr e e of c o n v er si o n, α ( %), f or n e at P L A, 0 1 M A -
P L A D 0, 0 1 M A -P L A D 7,  a n d  0 1 M A -P L A D 7/ c ell ul o s e n a n o c o m p o sit es . 
 
T a bl e s 2 2 -2 4  s u m m ari z e  t h e a p p ar e nt  E a , L n( A),  a n d  R 2  at  r e pr es e nt ati v e d e gr e es  
of  c o n v er s ati o n  f or t h e n a n o c o m p o sit es  pr e p ar e d  i n t his st u d y.   As s e e n i n T a bl e 2 2 , t h e 
a p p ar e nt E a f or n e at P L A ar e ∼ 1 2 6 − 1 3 0 kJ/ m ol ( α = 0. 0 6 t o 0. 1 5), a n d  ∼ 1 3 3. 2 − 1 3 3. 8 
kJ/ m ol ( α = 0. 3 0 t o 0. 9 0); i n cl u di n g it s pr e -e x p o n e nti al f a ct or ( L n A ) fr o m 1 8. 1 –  1 8. 4 ( α 
= 0. 0 6 t o 0. 9 0).  T h es e v al u es ar e o bs er v e d t o v ar y dr a m ati c all y a cr o ss t h e e ntir e α r a n g e 
i n t h e 0 1 M A -P L A D 0 &  0 1 M A -P L A D 7 s a m pl e s, s u c h t h at at s o m e p oi nt, it dr asti c all y 
d e cr e as e d t h e n sli g htl y i n cr e as e d a g ai n as a f u n cti o n of α.  T h e d at a i n di c at es t h at t h e 
M A -m o difi c ati o n r es ult e d i n u nst a bl e m at eri als t h at r e q uir e d l ess e n er g y t o d e gr a d e .  T h e 
r e d u cti o n i n t h e E a  i n di c at es t h at t h es e m at eri als ar e ki n eti c all y st a bl e b ut n ot n e c es s aril y 
t h er m o d y n a mi c all y st a bl e. 
 
1 3 3  
 
 
T a bl e 2 2 . Ki n eti c P ar a m et er s C al c ul at e d f or N e at P L A , 0 1 M A -P L A D 0 , a n d 0 1 M A -
P L A D 7  u si n g t h e O -F -W M o d el  
 
 
M at eri al  
D esi g n ati o n  
Ki n eti cs P ar a m et er s b y O -F -W  
C o n v er si o n  
( %) 
E a  
( kJ m ol-1 ) 
 
l n ( A) 
 
R 2  
 
N e at P L A  6  1 2 6. 0  1 8. 1  0. 9 9 5  
9  1 2 8. 0  1 8. 2  0. 9 9 8  
1 5  1 3 0. 0  1 8. 3  0. 9 9 8  
3 0  1 3 3. 2  1 8. 4  0. 9 9 9  
4 5  1 3 3. 7  1 8. 3  0. 9 9 9  
6 0  1 3 3. 8  1 8. 2  0. 9 9 5  
7 5  1 3 3. 5  1 8. 1  0. 9 9 6  
9 0  1 3 3. 5  1 8. 0  0. 9 9 5  
 
 
0 1 M A -P L A D 0  6  8 5. 1 0  1 4. 1  0. 9 8 4  
9  2 7. 5 0  7. 6 0  0. 9 5 2  
1 5  9 9. 8 0  1 5. 4  0. 9 7 3  
3 0  1 3 0. 6  1 8. 2  0. 9 8 5  
4 5  1 3 1. 0  1 8. 2  0. 9 9 2  
6 0  1 2 9. 1  1 7. 9  0. 9 9 5  
7 5  1 2 6. 9  1 7. 6  0. 9 7 6  
9 0  1 2 2. 8  1 7. 1  0. 9 7 5  
 
0 1 M A -P L A D 7  6  1 0 7. 1  1 6. 3  0. 9 9 8  
9  1 1 1. 9  1 6. 7  0. 9 8 5  
1 5  1 1 5. 5  1 8. 4  0. 9 9 5  
3 0  1 1 9. 6  1 7. 9  0. 9 9 6  
4 5  1 1 8. 9  1 7. 4  0. 9 9 5  
6 0  1 1 8. 9  1 7. 3  0. 9 9 5  
7 5  1 1 8. 3  1 7. 1  0. 9 9 6  
9 0  1 1 9. 8  1 5. 1  0. 9 9 5  
 
T a bl e 2 3 . Ki n eti c P ar a m et er s C al c ul at e d f or 0 1 M A -P L A D 7/ 0. 5 wt. % C N Cs ( S A H), 
0 1 M A -P L A D 7/ 0. 5 wt. % C N Cs ( A V A P), a n d 0 1 M A -P L A D 7/ 0. 5 wt. % L -C N Cs ( A V A P) 




M at eri al D esi g n ati o n  
Ki n eti c P ar a m et er s b y O -F -W  
C o n v er si o n  
( %) 
E a  
( kJ m ol-1 ) 
 
L n ( A)  
 
R 2  
0 1 M A -P L A D 7/ C N C s ( S A H)  6  1 2 8. 2  1 8. 0  0. 9 9 5  
9  1 2 9. 7  1 7. 3  0. 9 9 9  
1 5  1 3 3. 1  1 7. 4  0. 9 9 6  
3 0  1 3 1. 0  1 8. 2  0. 9 9 4  
4 5  1 2 9. 9  1 8. 0  0. 9 9 3  
 6 0  1 2 9. 6  1 7. 9  0. 9 9 1  
 
1 3 4  
 
 
   C o nti n u e d  
 
 
M at eri al D esi g n ati o n  
Ki n eti c P ar a m et er s b y O -F -W  
C o n v er si o n  
( %) 
E a  
( kJ m ol-1 ) 
 
L n ( A)  
 
R 2  
0 1 M A -P L A D 7/ C N C s ( S A H)  7 5  1 2 6. 6  1 7. 5  0. 9 9 5  
9 0  1 2 6. 4  1 7. 4  0. 9 9 8  
 
 
0 1 M A -P L A D 7/ C N C s ( A V A P)  6  1 3 6. 3  1 9. 3  0. 9 9 9  
9  1 3 9. 5  1 7. 4  0. 9 9 9  
1 5  1 4 4. 6  1 7. 5  0. 9 9 8  
3 0  1 4 1. 5  1 9. 3  0. 9 9 9  
4 5  1 4 1. 2  1 9. 1  0. 9 9 9  
6 0  1 4 0. 0  1 8. 9  0. 9 9 9  
7 5  1 3 7. 3  1 8. 5  0. 9 9 9  
9 0  1 3 7. 6  1 8. 4  0. 9 9 9  
 
 
0 1 M A -P L A D 7/ L -C N C s ( A V A P)  6  1 2 1. 2  1 7. 8  0. 9 8 4  
9  1 3 3. 3  1 7. 4  0. 9 8 5  
1 5  1 4 0. 7  1 7. 4  0. 9 9 4  
3 0  1 3 9. 1  1 9. 1  0. 9 9 3  
4 5  1 4 0. 7  1 9. 1  0. 9 8 9  
6 0  1 4 0. 2  1 8. 9  0. 9 9 7  
7 5  1 4 3. 0  1 9. 1  0. 9 9 6  
9 0  1 4 4. 3  1 9. 1  0. 9 9 6  
 
 
T a bl e 2 4 .  Ki n eti c P ar a m et er s C al c ul at e d f or 0 1 M A -P L A D 7/ 0. 5 wt. %  C N F s ( A V A P), a n d 




M at eri al D esi g n ati o n  
Ki n eti c P ar a m et er s b y O -F -W  
C o n v er si o n  
( %) 
E a  
( KJ ? m ol-1)  
 
L n ( A)  
 
R 2  
0 1 M A -P L A D 7/ C N F s ( A V A P)  6  1 1 4. 0  1 7. 0  0. 9 8 8  
9  1 1 5. 8  1 7. 2  0. 9 8 9  
1 5  1 2 0. 3  1 7. 3  0. 9 8 6  
3 0  1 2 4. 4  1 7. 7  0. 9 9 8  
4 5  1 2 7. 8  1 7. 9  0. 9 9 7  
6 0  1 2 8. 3  1 7. 8  0. 9 9 4  
7 5  1 3 7. 3  1 8. 5  0. 9 9 9  
9 0  1 3 7. 6  1 8. 4  0. 9 9 9  
 
 
0 1 M A -P L A D 7/ C N F s ( T E M P O)  6  9 0. 3 0  1 4. 9  0. 9 8 6  
9  9 2. 6 0  1 7. 0  0. 9 8 9  
1 5  9 6. 3 0  1 7. 1  0. 9 8 8  
3 0  9 9. 6 0  1 5. 4  0. 9 8 9  
4 5  1 0 2. 0  1 5. 5  0. 9 8 9  
1 3 5  
 
 
6 0  1 0 4. 7  1 5. 7  0. 9 9 4  
7 5  1 0 6. 0  1 5. 7  0. 9 9 5  
9 0  1 0 8. 6  1 5. 8  0. 9 9 4  
 
H o w e v er, t h e a d diti o n of v ari o us n a n ofill er s t o t h e 0 1 M A -P L A D 7 m atri x gi v es 
diff er e nt d e c o m p o siti o n b e h a vi or as a f u n cti o n of t h e d e gr e e of c o n v er si o n  ( s e e T a bl es 2 3  
a n d  2 4 ); s o m e ar e st a bl e a n d r e q uir e d m or e e n er g y f or b o n d br e a ki n g w hil e ot h er s ar e 
u nst a bl e a n d r e q uir e d l es s e n er g y f or t h e br e a ki n g of b o n d s .  F or i nst a n c e, t h e 0 1 M A -
P L A D 7/ C N C s ( S A H) ( s h o w n i n T a bl e 2 3) h as E a  = 1 2 8 –  1 3 3. 1 kJ m ol -1  i n a n i n cr e a si n g 
tr e n d (α  = 0. 0 6 –  0. 1 5); w hil e d e cr e a si n g as α i n cr e as es s u c h t h at E a = 1 3 1. 1 –  1 2 9. 6 ( α  = 
0. 3 0 –  0. 6 0); a n d t h e n, it s E a v al u es f urt h er d e cr e as e t o ⁓ 1 2 6 kJ m ol -1 ; i n cl u di n g a n L n(A ) 
v al u e s fr o m 1 7 – 1 8.  T h e d at a is t h er e b y s u g g e sti n g i nst a bilit y; i n t h at at c ert ai n α, it 
r e q uir es hi g h e n er g y t o br e a k a b o n d, t h e n at a n ot h er α, it r e q uir es l e ss e n er g y f or b o n d 
br e a ki n g.  As l ist e d i n T a bl e 2 3, m al e at e d P L A/ A V A P ®  c o nt ai ni n g C N C s & L -C N C s,  
e x hi bit e d a  c o nsist e nt hi g h E a  a cr o ss t h e e ntir e d e gr e e of c o n v er si o n al o n g wit h t h eir pr e -
e x p o n e nti al f a ct or ( L n A ) r a n gi n g fr o m 1 7– 1 9  c o m p ar e t o n e at P L A a n d all t h e ot h er 
s a m pl es.  O n t h e ot h er h a n d , t h e d at a list e d i n T a bl e 2 4  s h o ws t h at t h e 0 1 M A -
P L A D 7/ C N Fs ( T E M P O) e x hi bit e d t h e l o w est E a  v al u e s a cr o ss t h e e ntir e d e gr e e of 
c o n v er si o n; t h us, s u g g esti n g l ess e n er g y t o br e a k t h e s e b o n d s a n d t h e m at eri al is 
t h er m all y u nst a bl e. 
Fi g ur e  6 4  gi v es  t h e r el ati o ns hi p of  E a  as  a  f u n cti o n of  m as s  c o n v er si o n  o bt ai n e d  
b y  t h e O -F -W  m et h o d.  T h e  v ari ati o n  i n t h es e pl ot s  i n di c at es t h at t h e m o d e  
d e c o m p o siti o ns  of  all  t h es e m at eri als  ar e  q uit e  diff er e nt  fr o m e a c h  ot h er  a n d  d o  n ot  
pr o c e e d  t hr o u g h a  si m pl e p at h.   F or  n e at  P L A,  a p p ar e nt  E a is gr a d u all y  i n cr e a si n g wit h  
1 3 6  
 
 
t h e d e gr e e  of  c o n v er si o n  ( 0. 6 –  0. 9),  a n d  si mil ar  b e h a vi or  is als o  r e p ort e d i n t h e 
lit er at ur e.6 2, 6 3  T h es e  fi n di n g c o nfir m  t h at t h e t h er m al d e c o m p o siti o n  of  n e at  P L A  is a  
c o m pl e x  pr o c ess,  i n cl u din g  d e p ol y m eri z ati o n,  r a n d o m s cis si o n,  i nt er a n d  i ntr a m ol e c ul ar 
tr a ns est erifi c ati o n, a n d  cis -eli mi n ati o n. 3 0, 6 2, 6 3, 1 9 3   It c a n b e s e e n fr o m Fi g ur e 6 4  t h at t h e 
a cti v ati o n e n er gi es f or t h e t h er m al d e gr a d ati o n of t h e n e at P L A r e m ai n e d r el ati v el y st a bl e 
as a f u n cti o n of t h e d e gr e e of c o n v er si o n ( α), w hi c h i n di c at es a hi g h d e gr e e of 
h o m o g e n eit y.  H o w e v er, t h e pr es e n c e of 0. 0 1 2 5 wt. %  M A, c a us e d t h e p ol y m er t o d e vi at e 
e xt e nsi v el y fr o m t his b e h a vi or, w hi c h is dis pl a y e d b y t h e 0 1 M A -P L A D 0.  T h e 0 1 M A -
P L A D 0 w as o bs er v e d t o h a v e a dr asti c d e cr e a s e at a l o w d e gr e e of c o n v er si o n < 2 0 %, 
t h e n l at er i n cr e as e i n Ea  ≤ 6 0 % a n d r e m ai n st a bl e t h e n a g ai n sli g htl y d e cr e a s e i n E a  a b o v e 
6 0 %; t h e d at a t h us, s u g g est a v ol atil e s p e ci e s w hi c h i n di c at e h et er o g e n eit y.  
N ot wit hst a n di n g, t h e 0 1 M A -P L A D 7 e x hi bit e d l o w er a cti v ati o n e n er g y as a f u n cti o n of 
c o n v er si o n c o m p ar e d t o n e at P L A a cr o ss t h e r a n g e of c o n v er si o n, b ut t h e e n er g y r e m ai ns 
r el ati v el y st a bl e as t h e d e gr e e of c o n v er si o n i n cr e a s es.  T h e r es ult i m pli e s t h at t h e fr e e 
r a di c al c at al ysis di d s p e e d u p t h e d e gr a d ati o n r e a cti o n of P L A vi a a h o m o g e n o us 
c o m pl e x m e c h a nis m.   
O n t h e ot h er h a n d, t h e pr es e n c e of S A H -C N C s, T E M P O -C N Fs, a n d A V A P ®  
C N Cs, L -C N C s, a n d C N Fs t o t h e 0 1 M A -P L A D 7 m atri x c a us e d a sli g ht c h a n g e t o it s 
t h er m al d e gr a d ati o n p att er n.  As dis pl a y e d b y t h e pl ot, t h e a cti v ati o n e n er gi e s f or t h e 
t h er m al d e gr a d ati o n of S A H a n d T E M P O ( F P L pr o d u ct s) ar e v ari e d sli g htl y a s a f u n cti o n 
of α, c o m p ar e d t o t h e m al e at e d P L A/ A V A P ®  c o nt ai ni n g n a n o c o m p o sit es.  At t h e l o w 
d e gr e e of c o n v er si o n, t h e E a  o f  0 1 M A -P L A D 7/ C N Cs ( S A H), h a d a hi g h er v al u e a n d r e m ai n 
1 3 7  
 
 
st a bl e u p t o 6 0 %, a b o v e t his p oi nt t h e E a  d e cr e as e as a f u n cti o n of α; t h us, s u g g esti n g l e ss 
h o m o g e n eit y, w hi c h i n d e e d is attri b ut e d t o t h e s ulf uri c a ci d h y dr ol ysis tr e at m e nt of t h e 
C N Cs. 1 9 4   C o ns e q u e n tl y, t h e T E M P O tr e at m e nt of C N F s di d si g nifi c a ntl y r e d u c e d it s 
a cti v ati o n e n er g y a n d w a s o bs er v e d t o st e a dil y i n cr e as e d as a f u n cti o n of α.  T h e 
m al e at e d P L A/ A V A P ®  c o nt ai ni n g n a n o c o m p o sit es r e m ai n e d r el ati v el y st a bl e as a 
f u n cti o n of t h e d e gr e e of c o n v er sio n, α, s u g g esti n g a hi g h d e gr e e of h o m o g e n eit y of t h es e 
m at eri als; t h e y all e x hi bit e d a hi g h d e gr e e of E a at t h e hi g h d e gr e e of c o n v er si o n.  B as e d 
o n t h e o ns et of t h er m al d e gr a d ati o n m e a s ur e d f or t h e m al e at e d P L A D 7/ C N Cs ( S A H) i n 
T a bl e 1 6 ( b), i n cl u di n g it s T 5  v al u e c o m p ar e d t o t h o s e of t h e ot h er m o difi e d P L A 
s a m pl es, t h e r el ati v e or d er of a cti v ati o n e n er gi es i n Fi g ur e 6 4  is c o ntr ar y t o w h at w as 
e x p e ct e d.  
 
5. 3. 2 T h e r m al P r o p e rti es b y D S C  
 
Fi g ur e 6 5  d e pi ct s D S C c ur v es f or n e at P L A, 0 1 M A -P L A D 0, 0 1 M A -P L A D 7, a n d 
P L A/ 0. 5 wt. %  c ell ul o s e n a n o c o m p o sit es. T a bl e 2 5  s u m m ari e s t h e d at a o bt ai n e d fr o m t h e 
D S C c ur v es of v ari o us t h er m al tr a nsiti o ns ( T g , Tc c , a n d Tm ); Tg  v al u es ar e t a k e n as  t h e 
mi d p oi nt  of t h e c ur v e.  Fr o m t h e fi g ur e, T g , Tc c,  a n d T m  of all s a m pl es s hift e d t o l o w 
t e m p er at ur es c o m p ar e d t o n e at P L A.  T h e p er c e nt cr yst alli nit y, Tg , Tc  a n d T m  of t h e n e at 
P L A w er e r e c or d e d as 1 3. 0, 5 8. 2 6, 1 2 8. 2 ° C a n d 1 5 0. 0 ° C, r es p e cti v el y.  T h er e is n o T c c  
p e a k o bs er v e d f or 0 1 M A -P L A D 0, b ut t h er e ar e T g  a n d T m  p e a ks.  H o w e v er, t h er e ar e w ell 
d efi n e d T g , Tc c,  a n d T m  p e a ks f or t h e 0 1 M A -P L A D 7, i n cl u di n g all n a n o c o m p o sit es.  T h e 
T c c  o f t h e n a n o c o m p o sit es w as  o bs er v e d t o d e cr e as e i n t h e r a n g e ~1 0 5 –  1 2 4. 2 ° C a n d T m  
is   ~ 1 4 2 –  1 4 5. 8 ° C  ( s e e T a bl e 2 5).  L o w Tc c  of P L A wit h a l o w T m  i n di c at es it s f a st 
1 3 8  
 
 
cr yst al f or m ati o n a n d r estri ct e d c h ai n m o bilit y, w hil e t h e dis a p p e ar a n c e of it s T c c  p e a k 
i n di c at es t h e sl o w cr yst alli z ati o n b e h a vi or of P L A.3 0, 3 6, 1 3 2, 1 3 3, 1 4 9    
 
Fi g u r e 6 5 . D S C t h er m o gr a m s h o wi n g h e at fl o w vs. t e m p er at ur e f or n e at P L A, 0 1 M A -
P L A D 0, 0 1 M A -P L A D 7, a n d 0 1 M A -P L A D 7/ 0. 5 wt. % c ell ul o s e n a n ofill er s  pr o d u c e d b y 
S A H, A V A P, a n d T E M P O Pr o c ess es : 1 0 ℃/ mi n u n d er nitr o g e n at m o s p h er e.  
 
T a bl e 2 5 . T h er m al P r o p erti es of N e at P L A, 0 1 M A -P L A D 0, 0 1 M A -P L A D 7, a n d  
0 1 M A -P L A D 7/ 0. 5 wt. % C ell ul o s e N a n o c o m p o sit e s *  
 
M at eri al  
D esi g n ati o n  




T m  
( ℃) 




N e at P L A  5 8. 2 6  1 2 8. 2  1 5 0. 0  1 2. 5 0  1 3. 0 0  
0 1 M A -P L A D 0  5 7. 8 3  --- 1 4 8. 5  1. 1 1 7  1. 2 0 0  
0 1 M A -P L A D 7  5 5. 0 6  1 2 4. 2  1 4 4. 5  1 4. 1  1 5. 1 0  
0 1 M A -P L A D 7/ C N C s ( S A H) 5 7. 7 2  1 0 6. 8  1 4 3. 2  2 3. 1 6  2 4. 7 4  
0 1 M A -P L A D 7/ C N C s ( A V A P) 5 5. 8 7  1 1 3. 7  1 4 3. 8  2 1. 5 8  2 3. 0 6  
0 1 M A -P L A D 7/ L -C N C s ( A V A P) 5 5. 4 8  1 1 2. 4  1 4 3. 6  1 9. 2 3  2 0. 5 5  
0 1 M A -P L A D 7/ C N F s ( A V A P) 5 5. 3 2  1 0 5. 3  1 4 2. 5  2 5. 2 7  2 7. 0 0  
0 1 M A -P L A D 7/ C N F s ( T E M P O) 5 3. 1 0  1 2 4. 2  1 4 5. 8  1 0. 7 2  1 1. 4 6  
 
N ot e:  D S C f e at ur es w er e d et er mi n e d  fr o m t h e s e c o n d h e ati n g s c a n ( 1 0 ° C/ mi n).  
M a xi m u m p e a k t e m p er at ur e ( T m a x) fr o m d eri v ati v e t h er m o gr a vi m etri c a n al ysis at ( 1 0 
° C/ mi n); a n d 1 0 %, 5 0 % , a n d 9 0 % ar e ( T 1 0 % ,), ( T5 0 % ,) ( T9 0 ) w ei g ht l o ss t e m p er at ur es, 
r es p e cti v el y, of e a c h s a m pl e. 




S o, t h e a d diti o n of o nl y 0. 0 1 2 5 wt. % M A t o P L A m atri x ( 0 1 M A -P L A D 0) f urt h er 
sl o w it s cr yst alli z ati o n a n d r e d u c es it s p e r c e nt cr yst alli nit y fr o m 1 3. 0 0 t o 1. 2 0 0.  
H o w e v er, t h e fr e e r a di c al gr afti n g of 0. 0 1 2 5 wt. %  M A t o P L A  c h ai ns e n h a n c e s it s 
cr yst alli z ati o n w h er ei n t h e 0 1 M A -P L A D 7 s a m pl e h as a p er c e nt cr yst alli nit y of  1 5. 1 2.   
T h e n, r ei nf or ci n g t h e gr aft e d P L A m atri x wit h c ell ul o s e n a n ofill er s i n cr e a s e d  t h e 
cr yst alli nit y of P L A a n d r estri ct e d  it s c h ai n m o bility.  T h e p er c e nt cr yst alli nit y of t h e 
n a n o c o m p o sit es is i n t h e r a n g e 1 1. 4 6 – 2 7. 0 0.  T h er e is a dr asti c i n cr e a s e i n p er c e nt 
cr yst alli nit y f or all n a n o c o m p o sit es b ut, t h e 0 1 M A -P L A D 7/ C N Fs ( T E M P O) c al c ul at e d 
p er c e nt cr yst alli nit y is 1 1. 4 6.  T h e sli g htl y i n cr e as e d cr yst alli nit y of t h e 0 1 M A -
P L A D 7/ C N Fs ( T E M P O) s a m pl e is as cri b e d t o t h e a g gl o m er ati o n of C N Fs ( T E M P O) i n 
t h e m al e at e d P L A m atri x. T a bl e 2 5 c o nt ai ns t h e n u m eri c al d at a f or all t h er m al tr a nsiti o ns 
f or s a m pl e s; as s h o w n i n T a bl e 2 5, all n a n o c o m p o sit es h a v e l o w T g  c o m p ar e d t o n e at 
P L A e x c e pt t h e 0 1 M A -P L A D 7/ C N C s ( S A H) wit h a T g 0f 5 7. 7 2 ℃ . 
 
5. 4 T h e r m o m e c h a ni c al a n d M e c h a ni c al P r o p e rti es of B as eli n e S a m pl es a n d 0 1 M A - 
P L A D 7/ 0. 5 wt. % C ell ul os e N a n ofill e rs P r o d u c e d b y S A H , A V A P, a n d T E M P O  
P r o c e ss e s  
 
5. 4. 1 T h e r m o m e c h a ni c al P r o p e rti e s b y D M A  
Fi g ur e 6 6  d e pi ct s t h e st or a g e m o d ul us of n e at P L A, 0 1 M A -P L A D 0, 0 1 M A -
P L A D 7, a n d 0 1 M A -P L A D 7/ 0. 5 wt. %  c ell ul o s e n a n o c o m p o sit es.  I n t his st u d y, a 
p arti c ul ar f o c us w as gi v e n t o t h e t e m p er at ur e r a n ge  4 0  - 8 0 ℃, w hi c h i n cl u d e s t h e gl a ss y 
tr a nsiti o n r e gi o ns.  




Fi g u r e 6 6 . D M A t h er m o gr a m s h o wi n g t h e st or a g e m o d ul u s ( G′) vs. t e m p er at ur e of n e at 
P L A, 0 1 M A -P L A D 0, 0 1 M A -P L A D 7, a n d 0 1 M A -P L A D 7/ 0. 5 wt. % c ell ul o s e n a n ofill er s  
pr o d u c e d b y S A H, A V A P, a n d T E M P O p r o c ess es at 1  H Z   & 1 % str ai n r at e .  
 
 
Fi g ur e 6 6  s h o ws t h at st or a g e m o d ul u s, Ǵ , i m pr o v e d i n t h e gl ass y r e gi o n, b el o w 
T g , b y t h e i n c or p or ati o n of n a n ofill er r el ati v e t o n e at P L A.  U p o n h e ati n g, t h e Ǵ  of P L A 
dr o ps dr a m ati c all y at T g  a n d t h e n i n cr e as e d  at ~ 1 0 0 o C, as it u n d er g o es c ol d 
cr yst alli z ati o n , an d t h e n dr o ps a g ai n u p o n r e a c hi n g t h e m elti n g p oi nt .  I n t h e 
n a n o c o m p o sit es, 0 1 M A -P L A D 7/  C N C s ( A V A P), 0 1 M A -P L A D 7/  C N C s ( A V A P), a n d  0 1 M A -
P L A D 7/ C N Fs  ( T E M P O) Ǵ  dr o ps  o nl y  gr a d u all y  wit h  i n cr e asi n g t e m p er at ur e u ntil  r e a c hi n g 
t h e m elti n g  p oi nt.   Ǵ  ot h er  n a n o c o m p o sit es  dr o p  l ess t h a n t h at f or t h e n e at  P L A  u p o n  
h e ati n g  a n d  st art  t o i n cr e a s e at  a  l o w er t e m p er at ur e t h a n P L A.   T h e  b e h a vi or  of  Ǵ  of  t h e 
n a n o c o m p o sit es  s u g g e st s t h at t h e a d d e d  of  M A  or  fill er s s er v es as  n u cl e ati n g  a g e nt s  f or 
t h e P L A.  T a bl e  2 6  s u m m ari z e s t h e D M A  d at a  fr o m fi g ur e 6 6 .  O v er all, t h e dr asti c 
1 4 1  
 
 
i n cr e a s e i n t h e st or a g e m o d ul us of t h e n a n o c o m p o sit es, es p e ci all y i n t h e r u b b er y r e gi o n, 
is d u e t o t h e i m pr o v e d i nt erf a ci al i nt er a cti o ns b et w e e n m o difi e d P L A a n d n a n ofill er s at 
m o st M A a n d D C P l o a di n g as d es cri b e d i n C h a pt er 4.  T his dr asti c i n cr e as e i n t h e 
r u b b er y r e gi o n is ess e nti al f or r e al-w orl d a p pli c ati o ns n e e di n g hi g h -t e m p er at ur e 
pr o c essi n g.  
 
T a bl e 2 6 . St or a g e M o d ul u s at 3 5 & 6 5 ℃ of N e at P L A, 0 1 M A -P L A D 0, 0 1 M A -P L A D 7, 
a n d 0 1 M A -P L A D 7/ 0. 5 wt. % C ell ul o s e N a n o c o m p o sit es  
 
St or a g e M o d ul u s i n gl a s s y, r u b b er y, a n d t e n d e gr e e s C el si u s t h e a b o v e  r u b b er y 
r e gi o n & m a xi m u m t a n δ p e a k h ei g ht 
 St or a g e  M o d ul u s  R et e nti o n  
( %) 
 
S a m pl e  
D e si g n ati o n  
G′  
( G P a) 
4 0 ℃  
G′  
( G p a) 
5 0 ℃  
G′  
( G p a) 
6 0 ℃  
G′  
( G p a) 
7 0 ℃  
G′  
( G p a) 
8 0 ℃  
 
T a n  
δ  
 G′  
5 0 ℃ / 
4 0  
G′  
6 0 ℃ / 
4 0  
G′  
7 0 ℃ / 
4 0  
G′  
8 0 ℃ / 
4 0  
N e at P L A  1. 1 9  1. 1 4  0. 7 0 1  0. 0 0 3 7 4  0. 0 0 1 5 6  1. 1 4   9 6. 2  5 9. 0  0. 3 1 5  0. 1 3 1  
0 1 M A -P L A D 0  1. 0 2  0. 9 5 6  0. 4 9 8  0. 0 1 9 8  0. 0 1 0 8  1. 4 2   9 4. 1  4 9. 0  1. 9 5  1. 0 6  
0 1 M A -P L A D 7  1. 3 2  1. 2 6  0. 2 7 5  0. 0 0 3 2 3  0. 0 0 2 4 6  1. 2 9   9 5. 5  2 0. 9  0. 2 4 5  0. 1 8 7  
0 1 M A -P L A D 7/  
C N Cs ( S A H) 
1. 5 4  1. 4 9  0. 9 1 3  0. 0 4 2 9  0. 0 1 9 5  0. 4 6 2   9 6. 8  5 9. 1  2. 7 8  1. 2 6  
0 1 M A -P L A D 7/  
C N Cs (  A V A P) 
1. 4 1  1. 2 6  0. 6 0 2  0. 1 5 1  0. 0 7 7 2  0. 2 7 7   8 9. 4  4 2. 6  1 0. 7  5. 4 7  
0 1 M A -P L A D 7/  
L -C N C S ( A V A P) 
1. 3 0  1. 2 2  0. 4 6 5  0. 1 2 3  0. 0 6 9 4  0. 2 7 0   9 3. 8  3 5. 5  9. 4 7  5. 3 3  
0 1 M A -P L A D 7/  
C N Cs (  A V A P) 
1. 3 2  1. 2 5  0. 5 9 7  0. 1 9 4  0. 1 0 1  0. 2 0 2   9 5. 2  4 5. 4  1 4. 7  7. 6 8  
0 1 M A -P L A D 7/  
C N F s ( T E M P O) 
1. 5 0  1. 4 2  0. 6 9 7  0. 2 4 7  0. 1 4 2  0. 1 7 5   9 5. 2  4 6. 6  1 6. 5  9. 4 9  
 
 
Fi g ur e 6 7  ill u str at es t h e t a n d elt a f or P L A a n d t h e n a n o c o m p o sit es.  T h e t a n  δ  
m a xi m u m p e a k h ei g ht v al u es ar e list e d i n T a bl e 2 6 .  All t h e n a n o c o m p o sit es 
E x hi bit e d a  l o w er t a n δ  p e a k h ei g ht c o m p ar e d t o t h e 0 1 M A -P L A D 0, 0 1 M A -P L A D 7, a n d 
t h e n e at P L A.  T h e t a n δ  p e a k h ei g ht i n cr e a s es b y ⁓ 2 4. 6 % j ust b y a d di n g 0. 0 1 2 5 wt. % 
M A ( 0 1 M A -P L A D 0) t o P L A m atri x, t h e n, i n cr e as e d b y 1 3. 2 % w h e n M A w as  gr aft e d t o 
P L A ( 0 1 M A -P L A D 7).  H o w e v er, wit h t h e a d diti o n of t h e n a n ofill er s, t h er e is a dr asti c 
1 4 2  
 
 
d e cr e as e i n t a n δ  p e a k h ei g ht ( Fi g ur e 6 7 ).  T h e r es ult is d u e t o t h e i n cr e as e d stiff n es s of 
all t h e n a n o c o m p o sit es.  L o w er t a n δ  i n di c at es a n i n cr e a s e i n t h e el asti cit y of t h e 
n a n o c o m p o sit e s, w hi c h c orr el at es wit h t h e i n cr e as e i n t h e st or a g e m o d ul u s of t h es e 
m at eri als.  It is als o i m p ort a nt t o n ot e t h at t h e d e cr e as e i n t a n δ  p e a k h ei g ht  i n di c at es 
b ett er i nt erf a ci al i nt er a cti o ns b et w e e n t h e p ol y m er m atri x a n d t h e n a n ofill er s. T h e t a n δ  
p e a k h ei g ht s of all t h e n a n o c o m p o sit es d e cr e as e d b y 4 2. 3 –  7 3. 4 % c o m p ar e d t o n e at 




Fi g u r e 6 7 . T a n δ  vs. t e m p er at ur e of n e at P L A, 0 1 M A -P L A D 0, 0 1 M A -P L A D 7, a n d 0 1 M A -
P L A D 7/ 0. 5 wt. % c ell ul o s e n a n ofill er s  pr o d u c e d b y S A H, A V A P, a n d T E M P O Pr o c ess es: 
1 0 ℃/ mi n u n d er nitr o g e n at m o s p h er e . 
 
 
5. 4. 2 M e c h a ni c al P r o p e rti es b y T e n sil e T esti n g  
1 4 3  
 
 
Fi g ur e 6 8  ill u str at es t h e str ess-str ai n c ur v e s of n e at P L A, 0 1 M A -P L A D 0, 0 1 M A -
P L A D 7, a n d m al e at e d P L A/ 0. 5 wt. %  c ell ul o s e n a n ofill er s pr o d u c e d b y S A H, A V A P, a n d 
T E M P O pr o c ess es.  T a bl e 2 0 s u m m ari z e s t h e c al c ul at e d all t e nsil e pr o p erti es  d eri v e d 
fr o m t h e str ess str ai n c ur v e s i n Fi g ur e 68 .  As o bs er v e d i n Fi g ur e 6 8 , t h e 0 1 M A -
P L A D 7/ C N C s e x hi bit s t h e hi g h est str e n gt h b ef or e br e a ki n g of t h e  m at eri als  st u di e d .  T h e 
a d diti o n of o nl y  0. 0 1 2 5 wt. % M A t o P L A m atri x c a us e d a si g nifi c a nt c h a n g e i n t h e 
t e nsil e pr o p erti e s of P L A a n d it s n a n o c o m p o sit es.   
 
Fi g u r e 6 8 . Str ess-str ai n c ur v es of n e at P L A, 0 1 M A -P L A D 0, 0 1 M A -P L A D 7, a n d 0 1 M A -
P L A D 7/ 0. 5 wt. % c ell ul o s e n a n ofill er s  pr o d u c e d b y S A H, A V A P, a n d T E M P O pr o c ess es.  
 
 
 T h e Y o u n g’s m o d ul us of 0 1 M A -P L A D 0 d e cr e as e d b y 1 7 % c o m p ar e d t o n e at 
P L A, a n d it s t e nsil e str e n gt h d e cr e as e d b y 7. 3 % c o m p ar e d t o n e at  P L A.  Fi g ur e 6 9  
dis pl a ys a dr asti c i m pr o v e m e nt i n Y o u n g’s m o d ul us a n d a sli g ht i m pr o v e m e nt i n t h e 
t e nsil e str e n gt h of m al e at e d P L A c ell ul o s e n a n o c o m p o sit es c o m p ar e d t o n e at P L A.   




Fi g u r e 6 9 . Y o u n g’s M o d ul u s a n d  T e nsil e Str e n gt h vs. n e at P L A, 0 1 M A -P L A D 0, 0 1 M A -
P L A D 7, a n d 0 1 M A -P L A D 7/ 0. 5 wt. % c ell ul o s e n a n ofill er s  pr o d u c e d b y S A H, A V A P, a n d 
T E M P O pr o c ess es.  
 
T h e gr afti n g of 0. 5 wt. %  M A t o P L A  l e d t o a 1 1 6 a n d 1 1 % i n cr e as e i n Y o u n g’s 
m o d ul us a n d t e nsil e str e n gt h , r es p e cti v el y, c o m p ar e d t o n e at P L A.  T h e n i n c or p or ati o n of  
c ell ul o s e n a n ofill er s t o t his m al e at e d P L A m atri x l e d t o f urt h er i m pr o v em e nt i n  b ot h 
Y o u n g’s m o d ul u s a n d t e nsil e str e n gt h i n t h e c orr es p o n di n g n a n o c o m p o sit es, as s h o w n i n 
T a bl e 2 7 .  T h e dr asti c i m pr o v e m e nt i n t h e pr o p erti es of t h e n a n o c o m p o sit es c a n b e 
attri b ut e d t o i m pr o v e d i nt erf a ci al i nt er a cti o n b et w e e n t h e fill er s a n d t h e P L A r es ulti n g 








1 4 5  
 
 
T a bl e 2 7 . T e nsil e P r o p erti es of N e at P L A, M A-P L A D 0, M A -P L A D , a n d V ari o us M A -




S a m pl e D esi g n ati o n  
 
Y o u n g  M o d ul us  
E ( G P a)  
 
T e nsil e  Str e n gt h  
( M P a) 
El o n g ati o n  at 
B r e a k 
( %) 
N e at P L A  1. 7 3 ± 0. 1 0  5 5 ± 7  9. 1 ± 0. 8 6 2  
0 1 M A -P L A D 0  1. 4 3 ± 0. 8 3  5 1 ± 4  9. 8 ± 0. 8 1 0  
0 1 M A -P L A D 7  3. 7 4 ± 0. 7 6  6 1 ± 3  1 0. 2 ± 0. 3 5 1  
0 1 M A -P L A D 7/ C N C s ( S A H) 5. 9 9 ± 0. 0 7  6 8 ± 6  9. 5 ± 0. 7 3 7  
0 1 M A -P L A D 7/ C N C s ( A V A P) 5. 0 2 ± 2. 1 8  6 3 ± 2  9. 9 ± 0. 4 3 4  
0 1 M A -P L A D 7/ L -C N C s ( A V A P) 4. 1 0 ± 1. 2 9  5 8 ± 5  8. 6 ± 0. 5 5 9  
0 1 M A -P L A D 7/ C N F s ( A V A P) 3. 3 6 ± 0. 6 5  5 5 ± 7  8. 6 ± 0. 7 5 2  
0 1 M A -P L A D 7/ C N F s ( T E M P O) 4. 2 8 ± 1. 3 7  5 6 ± 9  8. 8 ± 1. 0 9 3  
 
 
5. 5 Us e of 0 1 M A -P L A D 7/ C N Cs ( S A H) a s a n a d diti v e t o i m p r o v e t h e t h e r m of o r mi n g  
b e h a vi o r of P L A  
 
5. 5. 1 S e cti o n O v e r vi e w  
 
As pr e vi o usl y dis c u ss e d i n C h a pt er 3, t h e I n g e o 4 0 4 3 D -P L A is a g e n er al -p ur p o s e 
fil m gr a d e, us e d f or fil m, c a n d y t wisti n g, a n d c ar d pr o d u cti o n .1 4 8  T o utili z e L n g e o P L A 
f or t h er m of or mi n g, it s m elt str e n gt h n e e d s t o b e i m pr o v e d.  As w e h a v e f o u n d t h at 0 1 M A -
L A D 7/ C N C s ( S A H) e x hi bit s a v er y hi g h m elt str e n gt h, it w as e x a mi n e d as a n a d diti v e t o 
i m pr o v e t h e t h er m of or mi n g pr o p erti e s of I n g e o 4 0 4 3 D-P L A .  
As d es cri b e d i n s e cti o n 3. 3. 3. 3,  0 1 M A -P L A D 7/ C N Cs ( S A H) w as a d d e d t o t h e P L A 
m atri x at v ari o us l o a di n g s t o pr e p ar e 0 1 M A -P L A D 7/ C N Cs ( S A H)/P L A  mi xt ur es wit h t h e 
f oll o wi n g w ei g ht p er c e nt r ati o s of 2 0 t o 8 0, 4 0 t o 6 0, & 6 0 t o 4 0.  T h es e n e w m at eri als 
w er e  t h e n c h ar a ct eri z e d usi n g D M A, d y n a mi c r h e ol o gi c al pr o p erti es, a n d cr e e p -r e c o v er y 
1 4 6  
 
 
m e a s ur e m e nt s t o u n d er st a n d t h eir vis c o el asti c b e h a vi or t o pr e di ct t h er m of or mi n g 
p ot e nti al.  
 
5. 5. 2 T h e r m o m e c h a ni c al P r o p e rti e s of 0 1 M A -P L A D 7/ C N Cs ( S A H)/ P L A M i xt u r e s 
Fi g ur es 7 0  a n d  7 1  dis pl a y t h e st or a g e m o d ul u s a n d t a n δ v er s us t e m p er at ur e f or 
t h e 0 1 M A -P L A D 7/ C N C s ( S A H)/ P L A mi xt ur es.  T h e a d diti o n of 0 1 M A -P L A D 7/ C N C s ( S A H) 
t o t h e P L A m atri x si g nifi c a ntl y i m pr o v e d t h e st or a g e m o d ul u s  r el ati v e t o n e at P L A, 
d e m o nstr ati n g  t h e r ei nf or c e m e nt eff e ct of t h e n a n ofill er s i n t h e m atri x.  All 
n a n o c o m p o sit es s h o w e d a n i n cr e as e i n m o d ul us c o m p ar e d t o t h e n e at m at eri al.  T h e ta n δ 
p e a k h ei g ht of t h e c o m p o sit e/ P L A mi xt ur es w a s f o u n d t o b e si g nifi c a n tl y r e d u c e d 
c o m p ar e d t o t h e n e at P L A , d e cr e asi n g st e p wis e as t h e c o m p o sit e p er c e nt a g e i n cr e as e d.  
T h e st or a g e m o d ul us i n cr e as e d  st e p wis e as t h e 0 1 M A -P L A D 7/ C N Cs ( S A H) l o a di n g w as 
i n cr e a s ed.  T h e r h e ol o gi c al pr o p erti e s ar e r e p ort e d  i n t h e n e xt s e cti o n, a n d t he  D S C a n d 
T G A t h er m o gr a ms gi v e i n A p p e n di x C . 
 
Fi g u r e 7 0 . D M A t h er m o gr a m s h o wi n g G′ vs. T e m p er at ur e of n e at P L A a n d 0 1 M A -
P L A D 7/ C N C s( S A H) / P L A mi xt ur e s.  
 
( a) 
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Fi g u r e 7 1 . T a n δ vs. T e m p er at ur e of n e at P L A a n d 0 1 M A -P L A D 7/ C N C s( S A H) / P L A 
mi xt ur es .  
 
5. 5. 3 D y n a mi c F r e q u e n c y S w e e p of Dil ut e 0 1 M A -P L A D 7/ C N Cs ( S A H/P L A  Mi xt u r e s  
 
Fi g ur e s 7 2 -7 4 dis pl a y  t h e r h e ol o gi c al d at a f or t h e 0 1 M A -P L A D 7/ C N C s ( S A H/ P L A 
mi xt ur es.  T h e r h e ol o gi c al d at a is s u m m ari z e d i n T a bl e 2 8 .  I n Fi g ur e 7 2 , t h e c o m pl e x 
vis c o siti es of dil ut e 0 1 M A -P L A D 7/ C N Cs ( S A H) n a n o c o m p o sit es ar e c o m p ar e d t o t h at of t h e 
0 1 M A -P L A D 7/ C N Cs( S A H) a n d n e at P L A .  A ll n a n o c o m p o sit es/ P L A mi xt ur es e x hi bit a 
si g nifi c a nt i n cr e as e i n c o m pl e x vis c o sit y c o m p ar e d t o n e at P L A.  As d es cri b e d i n c h a pt er 
4, t h e 0 1 M A -P L A D 7/ C N C s ( S A H) e x hi bit e d a dr asti c i n cr e as e i n all r h e ol o gi c al pr o p erti e s 
r el ati v e t o n e at P L A d u e t o t h e i m pr o v e m e nt i n P L A -n a n ofill er i nt er a cti o ns i n 
0. 0 1 2 5 wt. %  M A l o a d e d P L A.  T h e diff er e n c es i n c o m pl e x vis c o sit y of v ari o us r ati o s ar e 
m or e pr o n o u n c e d at l o w fr e q u e n ci es, a n d as t h e fr e q u e n c y i n cr e as es t h e c ur v e s c o n v er g e; 
s u g g esti n g t h at at hi g h fr e q u e n ci es t h er e is n o t e n o u g h ti m e f or t h e m at eri al f or 
r es p o n di n g t o t h e a p pli e d o s cill ati o n.1 4 2 -1 4 5   Fi g ur e 7 3 a n d 7 4 dis pl a y t h eir m o d uli . 
( b) 




Fi g u r e 7 2 . G r a p h s h o wi n g η * vs. fr e q u e n c y (r a d/s) of n e at P L A, 0 1 M A -P L A D 7/  




Fi g u r e 7 3 . G r a p h s h o wi n g G′ vs. fr e q u e n c y (r a d/s) of n e at P L A, 0 1 M A -P L A D 7/ 
C N Cs( S A H), a n d 0 1 M A -P L A D 7/ C N Cs( S A H)/ P L A n a n o c o m p o sit e  mi xt ur es . 
 
 





Fi g u r e 7 4 . G r a p h s h o wi n g G ″ vs. fr e q u e n c y (r a d/s) of n e at P L A, 0 1 M A -P L A D 7/ 
C N Cs ( S A H), a n d 0 1 M A -P L A D 7/ C N Cs ( S A H)/ P L A n a n o c o m p o sit e mi xt ur es . 
 
 
T a bl e 2 8 . S h o wi n g G′, G ″, a n d η * at 1 R a d/s of N e at P L A,  0 1 M A -P L A D 7/ C N Cs ( S A H), 
 a n d D il ut e 0 1 M A -P L A D 7/ C N C s ( S A H)/ P L A N a n o c o m p o sit es  
 
 
S a m pl e  
D esi g n ati o n  
St or a g e  
M o d ul us  
G′ ( P a)  
L oss  
M o d ul us  
G ″ ( P a)  
C o m pl e x  
Vis c osit y  
η * ( P a. s)  
 
Fr e q u e n c y  
ω (r a d/ s)  
N e at P L A  5 7. 7  1 7 7 8. 0  1 7 7 9. 0  1  
 0 1 M A -P L A D 7/ C N C s  1 7 4 6 0. 0  1 6 5 5 0. 0  2 4 0 6 0. 0  1  
2 0/ 8 0
0 1 M A -
P L A D 7/ C N C s ( S A H)/ P L A 
2 8 7 4. 0  9 9 5 4. 0  1 0 3 6 0. 0  1  
4 0/ 6 0
0 1 M A -
P L A D 7/ C N C s ( S A H)/ P L A 
4 3 7 1. 0  1 2 1 1 0. 0  1 2 8 7 0. 0  1  
6 0/ 4 0
0 1 M A -
P L A D 7/ C N C s ( S A H)/ P L A 




1 5 0  
 
 
5. 5. 3. 1  C r e e p -r e c o v e r y P r o p e rti e s of 0 1 M A -P L A D 7/ C N Cs ( S A H)/ P L A Mi xt u r es  
Fi g ur e 7 5  s h o ws t h e cr e e p -r e c o v er y c ur v es of n e at P L A a n d  0 1 M A -
P L A D 7/ C N C s ( S A H, mi xt ur es. T a bl e 2 9 gi v e s t h e s a g ti m e  c al c ul at e d f or t h e 
n a n o c o m p o sit es b as e d o n t h e d at a i n Fi g ur e 7 5 .  Li k e i n t h e pr e vi o us c h a pt er, n e at P L A 
s h o ws l ess dis pl a c e m e nt c o m p ar e d t o all n a n o c o m p o sit e  mi xt ur es.  T h e hi g h 
dis pl a c e m e nt of t h es e n a n o c o m p o sit es i n di c at es t h e y h a v e a dr asti c all y  i m pr o v e d m elt 
vis c o sit y  as c o m p ar e d t o n e at P L A .  I n a d diti o n, fr o m t h e cr e e p-r e c o v er y d at a, t h e 
r el a x ati o n ti m e w as d et er mi n e d, w hi c h is dir e ctl y r el at es t o t h e m elt str e n gt h of t h e 
m at eri al. 1 9 7   Fr o m t h e d at a, it w as d et er mi n e d t h at t h e 0 1 M A -P L A D 7/ C N C s ( S A H) 
n a n o c o m p o sit es e x hi bit e d t h e hi g h est r el a x ati o n ti m e, 2 6. 2 s e c o n ds ; t h us, e x hi biti n g t h e 
hi g h e st m elt str e n gt h.  H o w e v er , t h e 2 0/ 8 00 1 M A -P L A D 7/ C N C s/ P L A s a m pl e s h o w e d t h e 
l o w e st i m pr o v e m e nt i n it s cr e e p-r e c o v er y b e h a vi or as w ell a s it s r el a x ati o n ti m e; y et, it s 
cr e e p -r e c o v er y b e h a vi or is si g nifi c a ntl y i m pr o v e d c o m p ar e d t o n e at P L A.   
   
Fi g u r e 7 5 . T h e gr a p h s h o wi n g  t h e cr e e p/r e c o v er y c ur v es vs ti m e gl o b al ( s) of n e at P L A, 
0 1 M A -P L A D 7/ C N Cs( S A H), a n d 0 1 M A -P L A D 7/ C N Cs( S A H)/ P L A n a n o c o m p o sit e  
mi xt ur es . 
1 5 1  
 
 
T a bl e 2 9 . Cr e e p/R e c o v er y of N e at P L A, 0 1 M A -P L A D 7/ C N Cs ( S A H), a n d 0 1 M A -
P L A D 7/ C N C s ( S A H)/ P L A N a n o c o m p o sit e Mi xt ur es  
 
 
M at eri al  
D esi g n ati o n  
 
Cr e e p  
ƞ ( P a. S)  
R e c o v er y 
c o m pli a n c e 
J (t) ( 1/ P a) 
R el a x ati o n  




R 2  
S a g gi n g  
Ti m e 
(s) 
N e at P L A  1. 1 7 x 1 0 4  1. 2 8 x 1 0 4    2  0. 9 9 9 9 7  2 7. 3 9  
0 1 M A -P L A D 7/ C N Cs  1. 2 5 x 1 0 5  2. 1 0 x 1 0 4  2 6  0. 9 9 9 9 8  ---- 
2 0/ 8 0 0 1 M A -P L A D 7/ C N Cs/ P L A  1. 9 3 x 1 0 4  2. 6 4 x 1 0 4    5  0. 9 9 9 9 9  3 0. 3 9  
4 0/ 6 0 0 1 M A -P L A D 7/ C N Cs/ P L A  5. 1 8 x 1 0 4  1. 5 1 x 1 0 4    8  0. 9 9 9 9 9  3 9. 2 3  
6 0/ 4 0 0 1 M A -P L A D 7/ C N Cs/ P L A  5. 2 3 x 1 0 4  2. 2 8 x 1 0 4  1 2  1. 0 0 0 0 0  4 1. 2 5  
 
I n Fi g ur e 7 6 , all n a n o c o m p o sit es e x hi bit  l o w cr e e p c o m pli a n c e c o m p ar e d t o n e at 
P L A .  T his s u g g est s a hi g h er el a sti c m o d ul u s, t h er e b y c orr el ati n g wit h t h e r es ult s fr o m 
b ot h D M A a n d fr e q u e n c y -s w e e p r h e ol o gi c al d at a pr es e nt e d i n pr e vi o u s s e cti o ns.   
  
Fi g u r e 7 6 . T h e gr a p h s h o wi n g t h e cr e e p c o m pli a n c e J ( 1/ P a) vs ti m e ( s) of n e at P L A, 
0 1 M A -P L A D 7/  C N C s( S A H), a n d 0 1 M A -P L A D 7/ C N Cs( S A H)/ P L A n a n o c o m p o sit e  
mi xt ur es . 
 
1 5 2  
 
 
T h e cr e e p c o m pli a n c e d e cr e a s e d as t h e p er c e nt a g e of 0 1 M A -P L A D 7/ C N Cs ( S A H) 
i n cr e a s e d i n t h e p ol y m er m atri x.  T h e i m pr o v e m e nt i n t h e cr e e p-r e c o v er y d at a of t h es e 
m at eri als i n di c at es t h at t h e y h a v e a dr asti c i m pr o v e m e nt i n m elt str e n gt h, t h us, p ot e nti al  
r e al-w orl d a p pli c ati o n s. 
D u e t o t his dr asti c i n cr e as e i n m elt str e n gt h, w e us e d a  P att er s o n V a c u u m 
F or mi n g U nit F or mi n g M a c hi n e t o t h er m of or m ( s e e Fi g ur e 7 7 ) t h es e m at eri als i n t h e 
l a b or at or y.  As s h o w n i n Fi g ur e 7 7, t h e m a c hi n e c o nt ai ns a fl at s h e et g e o m etr y a n d a 
h e ati n g c o m p art m e nt, t h us e n a bli n g t h e t h er m of or mi n g pr o c ess ( s e e s e cti o n 3. 3. 3. 3).   
  
Fi g u r e 7 7 . Pi ct ur e s h o wi n g t h e P att er s o n V a c u u m F o a mi n g U nit F or mi n g M a c hi n e f or 
t h er m of or mi n g. 
 
T h er m of or mi n g is a t e c h ni q u e us e d t o tr a nsf or m a fl at pl a sti c s h e et i nt o c o m pl e x 
s h a p es b y fir st s oft e ni n g t h e m at eri al b ef or e s h a pi n g it .  D uri n g t his pr o c ess , t h e s h e et of 
s oft e n e d pl asti c will d ef or m  u n d er it s  w ei g ht  w h e n h e at e d.  T his b e h a vi or c all e d s a g i n 
t h e t h er m of or mi n g i n d ustr y.1 9 7 -1 9 9    
Fl at  s u rf a c e  f o r 
pl asti c  s h e et  
1 5 3  
 
 
As e a c h m at eri al w as t h er m of or m e d, a  st o p w at c h w as us e d t o r e c or d t h e s a g ti m e; 
b ot h m elt str e n gt h a n d s a g ti m e ar e ess e nti al p ar a m et er s f or t h e t h er m of or mi n g 
pr o c ess .1 9 7 -2 0 0   As it r el at es t o t h er m of or mi n g, a hi g h m elt str e n gt h  l e a ds t o g o o d s a g  
p erf or m a n c e a n d is pr ef er e nti al t o a m at eri al wit h l o w or n o s a g ti m e  u p o n h e ati n g . 1 9 7 -2 0 0  
Fi g ur e 7 8  s h o ws pi ct ur es of a pr ot ot y p e p art t h er m of or m e d usi n g n e at P L A a n d t h e 
P L A/ n a n o c o m p o sit e mi xt ur es .  Fi g ur e 7 8  sh o ws  t h at n e at P L A w as t h er m of or m e d ; 
h o w e v er, it c o nt ai n e d  b u b bl e s  a n d di d n ot e x hi bit  s uffi ci e nt s a g ti m e t o all o w 
r e pr o d u ci bl e t h er m of or mi n g.    
                      
               





Fi g u r e 7 8 . Pi ct ur es s h o wi n g n e at P L A, 0 1 M A -P L A D 7/ C N Cs ( S A H), a n d 0 1 M A -
P L A D 7/ C N C s( S A H)/ P L A n a n o c o m p o sit e  t h er m of or ms. 
N e at  P L A  
0 1 M A -P L A D 7/ C N Cs ( S A H) 





4 0/ 6 0 0 1 M A -P L A D 7/ C N Cs ( S A H)/P L A  
6 0/ 4 0 0 1 M A -P L A D 7/ C N Cs ( S A H)/ P L A 




W h e n t h e 0 1 M A -P L A D 7/ C N C s ( S A H), w as pl a c e d o n t h e t h er m of or mi n g m ol d, it 
di d n ot s a g ; t h us, it di d n ot f or m t h e d esir e d s h a p e.  H o w e v er, as t h e p er c e nt a g e of 0 1 M A -
P L A D 7/ C N C s ( S A H) w as i n cr e a s e d, t h e q u alit y of t h e t h er m of or m e d p art i m pr o v e d as 











1 5 5  
C H A P T E R 6  
C O N C L U SI O N  
 
 
6. 1 R es e a r c h  F i n di n gs 
S urf a c e m o difi c ati o n of P L A vi a fr e e r a di c al c at al ysis w as s u c c essf ull y c arri e d 
o ut usi n g m al ei c a n h y dri d e a n d di c u m yl p er o xi d e as a c o u pli n g a g e nt a n d i niti at or, 
r es p e cti v el y, vi a m elt mi xi n g.  M al e at e d P L A c ell ul o s e n a n o c o m p o sit es w er e 
s u c c es sf ull y pr e p ar e d b y m elt mi xi n g a n d  c h ar a ct eri z e d usi n g t h er m al a n al ysis , 
t h er m o m e c h a ni c al a n al ysis, r h e ol o gi c al m e a s ur e m e nt s, m elt fl o w i n d e x, m e c h a ni c al 
t esti n g, a n d F TI R.  
T h e  l o a di n g of M A a n d D C P w er e c o m pr e h e nsi v el y v ari e d, a n d t h e m o st 
pr o misi n g l o a di n g a n d l o a di n g r ati o d et er mi n e d .  A m o n g t h e v ari o us  M A l o a di n g st u di e d, 
l o w-M A n a n o c o m p o sit es, 0. 0 1 2 5 0  - 0. 1 0 0 wt. %  M A , s h o w e d a dr asti c i m pr o v e m e nt i n 
t h eir t h er m o m e c h a ni c al, m e c h a ni c al, M FI, a n d r h e ol o gi c al pr o p erti es c o m p ar e d t o n e at 
P L A a n d t h e hi g h -M A ( ≥ 0. 5 4 wt. % ) c o u nt er p art s.  A m o n g st t h e l o w -M A l o a di n g, t h e 
0. 0 1 2 5 wt. %  M A eff e cti v el y i m pr o v e d t h e i nt erf a ci al a d h esi o n b et w e e n t h e P L A a n d 
c ell ul o s e n a n ofill er s, l e a di n g t o t h e dr a m ati c i m p r o v e m e nt i n t h eir m e c h a ni c al, t h er m al, 
a n d d y n a mi c m e c h a ni c al pr o p erti es.   
All n a n o c o m p o sit es e x hi bit e d  a  tr e m e n d o us i m pr o v e m e nt i n t h eir p er c e nt 
cr yst alli nit y, el a sti c m o d ul us ( stiff n e ss), Y o u n g’s m o d ul us, a n d t e nsil e str e n gt h c o m p ar e d 
t o n e at P L A.  H o w e v er, c o m p ar e d t o t h e m al e at e d P L A A V A P®  n a n o c o m p o sit es, t h e 
1 5 6  
 
 
S A H m at eri als e x hi bit e d t h e m o st si g nifi c a nt i m pr o v e m e nt i n pr o p erti e s e x c e pt t h e 
t h er m al st a bilit y at hi g h t e m p er at ur es.  I n c o ntr ast, t h e T E M P O m at eri als w er e f o u n d t o 
e x hi bit t h e m o st r e d u c e d  pr o p erti es.  Als o, t h e T E M P O n a n o c o m p o sit es e x hi bit e d t h e 
l o w e st t h er m al st a bilit y i n t his e ntir e st u d y.  It w as est a blis h e d t h at t h e a d diti o n of 0 1 M A -
P L A D 7/ C N C s ( S A H) n a n o c o m p o sit e t o n e at P L A pr o d u c e d m at eri al wit h i m pr o v e d m elt 
str e n gt h l e a di n g t o a P L A b a s e d m at eri al t h at w as r e a dil y t h er m of or m e d.  
 
 
1 5 7  
A P P E N DI X  A   
C h e mi c al E q u ati o ns S h o wi n g P o ssi bl e M A R e a cti o n wit h P L A i n t h e Pr es e n c e of D C P 







Fi g u r e A 1 . C h e mi c al r e a cti o n s h o wi n g m al e at e d P L A. 
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1 6 0 o
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Fi g u r e A 4 . C h e mi c al r e a cti o ns s h o wi n g p o ssi bl e m al e at e d P L A c ell ul o s e 










     T er mi n ati o n  
E st erifi c ati o n  
M A -P L A/ C N C s   
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A P P E N DI X B  
 
Gr a p hs S h o wi n g t h e A p pli c ati o n of Kissi n g er a n d O -F -W M et h o ds t o V ari o us M al e at e d 




     
 











0. 0 0 1 5 3 0. 0 0 1 5 8 0. 0 0 1 6 3 0. 0 0 1 6 8 0. 0 0 1 7 3 0. 0 0 1 7 8




1/ T ( K -1 )
0 1 M A -P L A D 7/ C N F s  ( A V A P) 














0. 0 0 1 5 0. 0 0 1 5 2 0. 0 0 1 5 4 0. 0 0 1 5 6 0. 0 0 1 5 8 0. 0 0 1 6 0. 0 0 1 6 2 0. 0 0 1 6 4 0. 0 0 1 6 6 0. 0 0 1 6 8
0. 5 0. 6 0. 6 5 0. 7 0. 7 5 0. 8 0. 8 5 0. 9




0 1 M A -P L A D 7/ C N Cs  ( A V A P) 
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A P P E N DI X C  
 
T h er m o gr a ms S h o wi n g t h e T h er m al Pr o p erti es b y T G A a n d D S C of Dil ut e M al e at e d 
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A P P E N DI X D  
 
T G A T h er m o gr a m S h o wi n g N e at P L A a n d M al e at e d P L A/ C N Cs N a n o c o m p o sit es 
R es ulti n g fr o m  t h e V ari ati o n of D C P L o a di n g ( 0. 1 7 2, 0. 3 7 2, 0. 5 7 2, 0. 7 7 2  





            
Fi g u r e D 1 . T G A t h er m o gr a m s h o wi n g w ei g ht l o ss vs. t e m p er at ur e of M A -P L A/ C N Cs 











   
Fi g u r e D 2 . T G A th er m o gr a m s h o wi n g D T G vs. t e m p er at ur e of m al e at e d P L A/ C N C s at 
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A P P E N DI X E  
 
Gr a p h S h o wi n g Str ai n S w e e p of t h e M al e at e d P L A/ C N Cs at V ari o us M A L o a di n g  
 
     
 
Fi g u r e E 1 . Gr a p h s h o wi n g st or a g e m o d ul u s ( G′, P a) vs. str ai n ( %) as a f u n cti o n of M A 
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A ci d)  a n d  M o difi e d  P ol y( L a cti c  A ci d)  f or N a n o bi o e n gi n e eri n g  A p pli c ati o ns:  
I n E m er gi n g  Tr e n d s  i n N a n o Bi o M e di ci n e,  1 st  e d.;  Si n g h,  B.  E d.,  T a yl or  &  
Fr a n cis  Gr o u p:  B o c a  R at o n,  2 0 1 8 ; p p  1 4 5 – 1 6 6.  
 
  3 8.  P ei,  A.;  M al h o,  J. -M.;  R u o k ol ai n e n,  J.; Z h o u,  Q.;  B er gl u n d,  L.  A.  Str o n g  
 N a n o c o m p o sit e  R ei nf or c e m e nt  Eff e ct s  i n P ol y ur et h a n e  El a st o m er  wit h  L o w   
 V ol u m e  Fr a cti o n  of  C ell ul o s e  N a n o cr yst als.  M a cr o m ol.,  2 0 1 1 , 4 4  ( 1 1), 4 4 2 2 –
4 4 2 7.  
 
  3 9.  B a g h eri a s l, D.;  C arr e a u,  P.;  D u b ois,  C.;  Ri e dl,  B.  Pr o p erti e s  of  P ol y pr o p yl e n e  a n d   
 P ol y pr o p yl e n e/ P ol y( Et h yl e n e -C o -Vi n yl  Al c o h ol)  Bl e n d/ C N C  
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C ar b o x yl ati o n  Usi n g  T E M P O  C at al yst  u n d e r N e utr al  C o n diti o ns.  
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J.  M or p h ol o gi c al,  M e c h a ni c al,  a n d  T h er m al  C h ar a ct eri z ati o n  of  P ol y( L a cti c  
A ci d)/ C ell ul o s e  M ultifil a m e nt  Fi b er s  Pr e p ar e d  b y  M elt  S pi n ni n g.  A d v.  P ol y m.  
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N a n o c o m p o sit es  fr o m C h e mi c all y  M o difi e d  N a n o c ell ul o s e  a n d  P ol yl a cti c  
A ci d . J . R e n e w . M at er.  2 0 1 7 , 5  ( 5), 4 1 0 – 4 2 2.  
 
  7 1.  H a v ell a,  M.;  Erri c o,  M.  E.;  I m mir zi, B.;  M ali n c o ni c o,  M.;   M art us c elli,  E.;  P o alill o,   
L.;  F al ci g n o,  L.;  R a di c al  P ol y m eri z ati o n  of  P ol y( L -l a cti c A ci d)  1.,  S y nt h e sis,  
C h ar a ct eri z ati o n  a n d  Pr o p erti es  of  Bl e n d s.  A g e w.  M a kr o m ol.  C h e m.  1 9 9 7 , 
2 4 6,  4 9 -6 3.  
 
  7 2.  D’ Ur s o,  L.,  A c o c ell a,  M. R.,  G u err a,  G.,  I o z zi n o, V.,  S a ntis,  D. F.,  P a nt a ni,  R.  P L A   
M elt  St a bili z ati o n  b y  Hi g h -S urf a c e -Ar e a  Gr a p hit e  a n d  C ar b o n  Bl a c k . P ol y m.  
2 0 1 8,  1 0 , 1 3 9.  
 
  7 3.  Kristii n a , O.;  Ait o m a ki,  Y.;  M at h e w,  A.  P.;  Si q u eir a,  G.;  Z h o u,  Q.;  B ut yli n a , S.;   
T a n pi c h ai,  S.;  Z h o u,  X.;  H o s h m a n d,  S.   R e vi e w  o n  t h e R e c e nt  D e v el o p m e nt  i n 
C ell ul o s e  N a n o c o m p o sit e  Pr o c essi n g.  C o m p r.  P art  A.  2 0 1 6 , 8 3  ( 2 0 1 6), 2 -1 8 . 
 
  7 4.  K a k ori a,  A.;  Si n h a -R a y,  S.  A  R e vi e w  o n  Bi o p ol y m er -B as e d  Fi b er s  vi a   
El e ctr o s pi n ni n g  a n d  S ol uti o n  Bl o wi n g  a n d  T h eir  A p pli c ati o ns.  Fi b er s  2 0 1 8 , 6  
( 3), 4 5.  
 
  7 5.  F e n g , C . I n v esti g ati o n of  S o y  Pr ot ei n  Bl e n ds  Pr e p ar e d  b y  Si m ult a n e o us  
 Pl asti ciz ati o n  a n d  Mi xi n g . P h. D.  Diss ert ati o n,  W a s hi n gt o n  St at e  U ni v er sit y,  
2 0 1 0.  
 
  7 6.  N els o n.  K.;  R et si n a,  T.  I n n o v ati v e n a n o c ell ul o s e  pr o c ess  br e a ks  t h e c o st  b arri er.   
T A P PI  J.  2 0 1 4 , 1 3  ( 5), 1 9 – 2 3.  
1 7 5  
 
 
  7 7.  K ar g ar z a d e h , H .; L e ol o vi c h,  M.;  A h m e d,  I. M et h o ds  of  E xtr a cti o n  of   
N a n o c ell ul o s es  fr o m Diff er e nt  S o ur c es.  H a n d b o o k.  N a n o c ell ul.  N a n o c o m p . 
Fir st  E d.   Wil e y -V C H,  V erl a g  G m b H  &  C o.  K G a A.  2 0 1 7 , p p  1 – 3 5.  
 
  7 8.  H o n,  D.  C ell ul o s e:  A  R a n d o m  W al k  al o n g  It s Hist ori c al  P at h.  C ell ul.  1 9 9 4 , 1  ( 1),  
1 -2 5.  
 
  7 9.  G e or g e,  J.; S a b a p at hi,  S. N.  C ell ul o s e  N a n o cr yst als:  S y nt h e sis,  F u n cti o n al   
Pr o p erti e s,  a n d  A p pli c ati o ns.  N a n ot e c h n ol,  S ci.  A p pl.  2 0 1 5 , 8  ( 1 1), 4 5 -5 4.  
 
  8 0.  R å n b y,  B.  G.;  B a n d er et,  A.;  Sill é n,  L.  G.  A q u e o us  C oll oi d al  S ol uti o ns  of  C ell ul o s e   
Mi c ell e s.  A ct a  C h e m.  S c a n d.  1 9 4 9 , 3  ( 1), 6 4 9 – 6 5 0.  
 
  8 1.  K ar g ar z a d e h,  H.;  I o el o vi c h, M.;  A h m a d,  I.; T h o m a s,  S.;  D ufr es n e,  A.  M et h o ds  f or  
E xtr a cti o n  of  N a n o c ell ul o s e  fr o m V ari o us  S o ur c es.  H a n d b.  N a n o c ell ul.  C ell ul.  
N a n o c o m p os.  2 0 1 7 , 1  ( 3), 1 – 4 9.  
 
  8 2.  A zi zi  S a mir,  M.  A.  S.;  All oi n,  F.;  D ufr e s n e,  A.  R e vi e w  of  R e c e nt  R es e ar c h  i nt o 
C ell ul o si c  W his k er s,  T h eir  Pr o p erti es  a n d  T h eir  A p pli c ati o n  i n N a n o c o m p o sit e  
Fi el d.  Bi o m a cr o m ol.  2 0 0 5 , 6  ( 2), 6 1 2 – 6 2 6.  
 
  8 3.  V as c o n c el o s,  N.  F.;  F eit o s a,  J. P.  A.;  d a  G a m a,  F.  M.  P.;  M or ais,  J.  P.  S.;  A n dr a d e,   
 F.  K.;  d e  S o u z a  Fil h o,  M.  d e  S.  M.;  R o s a,  M.  d e  F.  B a ct eri al  C ell ul o s e  
N a n o cr yst als  Pr o d u c e d  u n d er  Diff er e nt  H y dr ol ysis  C o n diti o ns:  Pr o p erti es  a n d  
M or p h ol o gi c al  F e at ur es.  C ar b o h y dr.  P ol y m.  2 0 1 7 , 1 5 5  ( 1), 4 2 5 – 4 3 1.  
 
  8 4.  A n w ar,  B.;  R o s yi d,  N.  H.;  Eff e n di,  D.  B.;  N a n di y a nt o,  A.  B.  D.;  M u d z a kir,  A.;   
 Hi d a y at,  T.  I s ol ati o n of  b a ct eri al  c ell ul o s e  n a n o cr yst alli n e  fr o m pi n e a p pl e  p e el  
w ast e:  O pti mi z ati o n  of  a ci d  c o n c e ntr ati o n  i n t h e h y dr ol ysis  m et h o d.  
htt ps:// ai p. s cit ati o n. or g/ d oi/ a bs/ 1 0. 1 0 6 3/ 1. 4 9 4 1 1 5 1  ( a c c ess e d J u n 1 1,  2 0 1 9).  
 
  8 5.  Xi e,  H.;  D u,  H.;  Y a n g,  X.;  Si,  C.  R e c e nt  Str at e gi es  i n Pr e p ar ati o n  of  C ell ul o s e   
 N a n o cr yst als  a n d  C ell ul o s e  N a n ofi brils  D eri v e d  fr o m R a w  C ell ul o s e  M at eri als.  
I nt. J.  P ol y m.  S ci.  2 0 1 8 , 1 -2 5.  
 
  8 6.  D al v ä g,  H.;  Kl a s o n,  C.;  Str ö m v all,  H.  E.  T h e  Effi ci e n c y  of  C ell ul o si c  Fill er s  i n  
 C o m m o n  T h er m o pl asti c s.  P art  II. Filli n g  wit h  Pr o c essi n g  Ai d s  a n d  C o u pli n g  
A g e nt s.  I nt. J.  P ol y m.  M at er.  P ol y m.  Bi o m at er.  1 9 8 5,  1 1  ( 1), 9 – 3 8.  
 
  8 7.  F err er,  A.;  P al,  L.;  H u b b e,  M.  N a n o c ell ul o s e  i n P a c k a gi n g:  A d v a n c e s  i n B arri er   
  L a y er  T e c h n ol o gi es.  I n d. Cr o p  Pr o d.  2 0 1 7 , 9 5  ( 1), 5 7 4 -5 8 2.  
 
  8 8.  v a n  d er  Z e e,  M.  Str u ct ur e -Bi o d e gr a d a bilit y  R el ati o ns hi ps  of  P ol y m eri c  M at eri al .  
  P h. D.  Diss ert ati o n,  U ni v er sit y  of  T w e nt e,  N L,  1 9 9 7 . 
1 7 6  
 
 
  8 9.  F ort u n ati,  E.;  P elt z er,  M.;  Ar m e nt a n o,  L.  Eff e ct s  of  M o difi e d  C ell ul o s e   
 N a n o cr yst als  o n  t h e B arri er  a n d  Mi gr ati o n  Pr o p erti es  of  P L A  N a n o c o m p o sit es.  
C ar b o h y dr.  P ol y m.  2 0 1 2 , 9 0  ( 2), 9 4 8 -9 5 6.  
 
  9 0.  K u m ar,  V.;  B ollstr o m,  R.;  Y a n g,  A.;  C h e n,  Q. X.;  C h e n,  G.  C o m p aris o n  of  N a n o -  
  a n d  Mi cr ofi brill at e d  C ell ul o s e  Fil ms.  C ell ul.  2 0 1 4 , 2 1  ( 5), 3 4 4 3 -3 4 5 6.  
 
  9 1.  H o n , D.  N.  -S.  C h e mi c al  M o difi c ati o n  of  C ell ul o s e . C h e m.  M o difi c ati o n   
  Li g n o c ell ul.  M at er.  2 0 1 7 , 9 7 1 -1 2 7 . 
 
  9 2.  D e  N o o y,  A.;  B e s e m er,  A.;  v a n  B e k k u m,  H.;  Hi g hl y  S el e cti v e  T E M P O -M e di at e d   
 O xi d ati o n  of  Pri m ar y  Al c o h ol  Gr o u ps  i n P ol ys a c c h ari d es.  R e cl.  T r a v.  C hi m.  
P a ys -B as.  1 9 9 4 , 1 1 3  ( 3), 1 6 5 -1 6 6.  
 
  9 3.  D a vis,  N.;  Flit s c h,  S.  S el e cti v e  O xi d ati o n  of  M o n o s a c c h ari d e  D eri v ati v e s  t o Ur o ni c   
  A ci d s.  T etr a h e dr o n  L ett.  1 9 9 3 , 3 4  ( 7), 1 1 8 1 -1 1 8 4.  
 
  9 4.  Pi err e,  G.;  P u nt a,  C.;  D el att e,  C.;  M el o n e,  L.;  D u b ess a y,  P.;  Fi or ati,  A.;  P ast o n,  N.;   
  G al a nt e,  M. Y.;  Mi c h a u d,  P.  T E M P O -M e di at e d  O xi d ati o n  of  P ol ys a c c h ari d e s:  
 A n  o n g oi n g  St or y.  C ar b o h y d r  P ol y m , 2 0 1 7 , 1 6 5 , 7 1 -8 5.  
 
  9 5.  P ai nt er,  T. J.  Pr e p ar ati o n  a n d  P eri o d at e  O xi d ati o n  of  C -6 -O x y c ell ul o s e:   
  C o nf or m ati o n al  I nt er pr et ati o n ff H e mi a c et al  St a bilit y.  C a r b o h y d.  R es.  1 9 7 7,  5 5  
( 1), 9 5 -1 0 3.  
 
  9 6.  P ai nt er,  J. T.; C es ar o,  A.;  D el b e n,  F.;  P a ol etti,  S.  N e w  Gl u c ur o n o gl u c a ns  O bt ai n e d   
  b y  O xi d ati o n  of  A m yl o s e  at  P o siti o n  6.  C ar b o h y dr.  R es.  1 9 8 5 , 1 4 0  ( 1), 6 1 -6 8.  
 
  9 7.  Ciri mi n n a,  R..;  P a gli ar o,  M.  I n d ustri al O xi d ati o ns  wit h  Or g a n o c at al yst  T E M P O  a n d   
  It s D eri v ati v e s.  Or g.  Pr o c es s  R es.  D e v.  2 0 1 0 , 1 4  ( 1), 2 4 5 -2 5 1.  
 
  9 8.  U ni v er sit y  of  M ai n e  –  C ell ul o s e  N a n o cr yst als  htt p:// u m ai n e. e d u/ p d c/ c ell ul o s e - 
  n a n o -cr yst als/( a c c es s e d  S e pt  1 0,  2 0 1 5).   
 
  9 9.  S h u mi gi n,  D.;  T ar as o v a,  E.;  Kr u m m e,  A.;  M ei er,  P.  R h e ol o gi c al  a n d  M e c h a ni c al   
  Pr o p erti e s  of  P ol y  ( L a cti c) A ci d  / C ell ul o s e  a n d  L D P E  / C ell ul o s e  C o m p o sit es.  
M at er.  S ci. 2 0 1 1,  1 7  ( 1), 3 2 – 3 7.  
 
1 0 0.  Y a c k el,  C.  E.;  K e n y o n,  O.  W.  O xi d ati o n  of  c ell ul o s e  b y  Nitr o g e n  Di o xi d e.  J.  A m.   
   C h e m.  S o c.  1 9 4 2,  6 4  ( 1), 1 2 1 -1 2 7.  
 
1 0 1.  B al a kris h n a n,  H.;  I br a hi m, M.;  W a hit,  M.;  H ass a n,  A.  P ol y pr o p yl e n e/ Or g a ni c all y   
   M o difi e d  S a b a h  M o nt m orill o nit e  N a n o c o m p o sit es:  S urf a c e  M o difi c ati o n  a n d   
   N a n o c o m p o sit es  C h ar a ct eri z ati o n.  P ol y m.  C o m p os.  2 0 1 1 , 3 2  ( 1 2), 9 9.  
1 7 7  
 
 
1 0 2.  S o m or d,  K.;  S o m or d,  K.;  S u w a n gt o n,  O.;  T h a n o msli p,  C.;  P eijs,  T.;  S o y k e a b k a e w,   
N.  S elf -R ei nf or c e d  P ol y( L a cti c  A ci d)  N a n o c o m p o sit es  wit h  I nt e gr at e d 
B a ct eri al  C ell ul o s e  a n d  It s S urf a c e  M o difi c ati o n.  N a n o c o m p.  2 0 1 8 , 4  ( 3), 1 0 2 -
1 1 1.  
 
1 0 3.  Bi a gi otti,  J.; P u gli a,  D.;  T orr e,  L.;  K e n n y,  J.  M.;  Ar b el ai z,  A.;  C a nt er o,  G.;  M ari et a,   
C.;  Ll a n o -P o nt e,  R.;  M o n dr a g o n,  I. A.  A  S yst e m ati c  I n v esti g ati o n o n  t h e 
I nfl u e n c e of  t h e C h e mi c al  Tr e at m e nt  of  N at ur al  Fi b er s  o n  t h e Pr o p erti e s  of  
T h eir  P ol y m er  M atri x  C o m p o sit es.  P ol y m.  C o m p os.  2 0 0 4 , 2 5  ( 5), 4 7 0 – 4 7 9.  
 
1 0 4.  N els o n,  K.;  R et si n a,  T.  I n n o v ati v e N a n o c ell ul o s e  Pr o c ess  Br e a ks  t h e C o st  B arri er.   
T A P PI  J.  2 0 1 4 , 1 3  ( 5), 1 9 – 2 3.  
 
1 0 5.  P ot uls ki,  D.  C.;  D e  M u ni z,  G.  I. B.;  Kl o c k,  U.;  D e  A n dr a d e,  A.  S.  Gr e e n   
C o m p o sit es  fr o m S ust ai n a bl e  C ell ul o s e  N a n ofi brils:  A  R e vi e w.  S ci.  F or.  S ci.  
2 0 1 4 , 4 0  (1 0 3),  3 4 5 – 3 5 1.  
 
1 0 6.  W eir,  E.;  L a wl or,  A.;  W h el a n,  A.;  R e g a n,  F.  T h e  Us e  of  N a n o p arti cl e s  i n A nti - 
Mi cr o bi al  M at eri als  a n d  T h eir  C h ar a ct eri z ati o n.   A n al yst , 2 0 0 8 , 1 3 3  ( 7), 8 3 5 -
8 4 5.  
 
1 0 7.  C h e n,  F.  I n v esti g ati o n of  S o y  Pr ot ei n  Bl e n ds  Pr e p ar e d  b y  Si m ult a n e o us   
Pl asti ciz ati o n  a n d  Mi xi n g . P h. D.  Dis s ert ati o n,  W as hi n gt o n  St at e  U ni v er sit y,  
P ull m a n,  W A,  2 0 1 0.  
  
1 0 8.  Y u c el,  S.;  O z d e mir,  O. Z.;  K e s gi n,  C.;  T er zi o gl u,  P.;  U nl u,  S.;  Er d o g e n,  Y.;  P us at.   
K.  S w elli n g  B e h a vi or,  a n d  C yt ot o xi cit y  of  M al ei c  A ci d  Gr aft e d  C hit o s a n.  
W orl d  A c a d e m y  S ci . E n g.  T e c h n ol.  2 0 1 3 , 7 8 , 5 1 2 -5 2 2.  
 
1 0 9.  C a n er,  H.;  H asi p o gl u,  H.;  Yil m a z,  O.;  Yil m a z,  E.  Gr aft  C o p ol y m eri z ati o n  of  4 - 
Bi o d e gr a d a bl e  o n  t o C hit o s a n -1  b y  C eri c  I o n I niti ati o n. E ur  P ol y m  J , 1 9 9 8 , 3 4  
( 3), 4 9 3 -4 9 7.  
 
1 1 0.  M a ni,  R.;  B h att a c h ar y a,  M.;  T a n g,  J.  F u n cti o n ali z ati o n  of  P ol y e st er s  wit h  M al ei c   
A n h y dri d e  b y  R e a cti v e  E xtr usi o n.  J.  P ol y m.  S ci.  P art  A:  P ol y m.  C h e m . 1 9 9 9,  
2 7  ( 1 1), 1 6 9 3 – 1 7 0 2.  
 
1 1 1.  V ar g as -Villi gr a n,  H.;  T er a n -S al g a d o,  E.;  D o mi n g u e z -Di a z,  M.;  Fl or es,  O.  N o n - 
W o v e n  M e m br a n e s  M u n  Fr o m  P ol yl a cti c  A ci d  I n c or p or ati n g Sil v er  
N a n o p arti cl e s  as  Bi o ci d e:  I n S y m p o si u m  s 1 1  –  Bi o m at eri als  f or M e di c al  




1 7 8  
 
 
1 1 2.  Y a n g,  H. S.;  W ol c ott,  P.  M.;  Ki m,  H. S.;  Ki m,  S.;  Ki m,  H. J.  Eff e ct  of  Diff er e nt    
C o m p ati bili zi n g  A g e nt s  o n  T h e  M e c h a ni c al  Pr o p erti es  of  Li g n o c ell ul o si c  
M at eri al  Fill e d  P ol y et h yl e n e  Bi o c o m p o sit es.  C o m p os.  Str u ct.  2 0 0 7 , 7 9  ( 3), 3 6 9 -
3 7 5.  
 
1 1 3.  C arls o n,  D.;  Ni e , L.;  N ar a y a n,  R.;  D u b ois,  P.  M al e ati o n  of  P ol yl a cti d e  ( P L A) b y   
R e a cti v e  E xtr usi o n.  J.  A p pl.  P ol y m.  S ci.  1 9 9 9,  7 2  ( 4), 4 7 7 – 4 8 5.  
 
1 1 4.  G h a s e mi,  S.;  B e hr o o z,  R.;  G h as e mi,  I.; Y ass ar,  R.  S.;  L o n g,  F.  D e v el o p m e nt  of   
N a n o c ell ul o s e -R ei nf or c e d  P L A  N a n o c o m p o sit e  b y  Usi n g  M al e at e d  P L A  ( P L A-
g -M A).  J.  T h er m o pl ast.  C o m p os.  M at er.  2 0 1 8,  3 1  ( 8), 1 0 9 0 – 1 1 0 1.  
 
1 1 5.  R z a y e v,  Z.  M.  O.  Gr aft  C o p ol y m er s  of  M al ei c  A n h y dri d e  a n d  It s I s o str u ct ur al  
A n al o g u e s:  Hi g h -P erf or m a n c e  E n gi n e eri n g  M at eri als.  I nt. R e v.  C h e m.  E n g.  
2 0 1 1,  3  ( 3), 1 5 3 – 2 1 5.  
 
1 1 6.  M a,  P.;  Ji a n g,  L.;  Y e,  T.;  D o n g,  W.;  C h e n,  M.  M elt  Fr e e -R a di c al  Gr afti n g  of  M al ei c   
A n h y dri d e  o nt o  Bi o d e gr a d a bl e  P ol y( L a cti c  A ci d)  b y  Usi n g  St yr e n e  as  A  
C o m o n o m er.  P ol y m.  2 0 1 4 , 6 , 1 5 2 8 -1 5 4 3.  
 
1 1 7.  Sir e g ar,  M.  S.;  T h a mri n;  B as u ki;  E d di y a nt o;  M e n d e z,  J.  A.  Gr afti n g  of  M al ei c   
A n h y dri d e  o nt o  C y cli z e d  N at ur al  R u b b er  b y  R e a cti v e  Pr o c essi n g:  T h e  Eff e ct  of  
M al ei c  A n h y dri d e  C o n c e ntr ati o ns.  C h e m.  M at er.  R es,  2 0 1 4,  6  ( 1 1), 1 5 – 2 1.  
 
1 1 8.  M al d as,  D.;  K o kt a,  B.  V.  Eff e ct s  of  C o ati n g  Tr e at m e nt s  o n  t h e M e c h a ni c al   
B e h a vi or  of  W o o d  Fi b er -Fill e d  P ol yst yr e n e  C o m p o sit es.  II. Us e  of  I n or g a ni c 
S alt/ P ol y vi n yl  C hl ori d e  a n d  I s o c y a n at e as  C o ati n g  C o m p o n e nt s.  J.  R ei nf.  Pl ast.  
C o m p os.  1 9 9 0 , 9  ( 1), 2 – 1 2.  
 
1 1 9.  Li m,  H.;  H o a g,  S.  W.  Pl a sti ci z er  Eff e ct s  o n  P h ysi c al -M e c h a ni c al  Pr o p erti es  of   
S ol v e nt  C ast  S ol u pl u s ®  Fil ms.  A A P S  P h ar m S ci T e c h  2 0 1 3 , 1 4  ( 3), 9 0 3 – 9 1 0.  
 
1 2 0.  W a n g,  Y.;  Qi,  R.;  Xi o n g,  C.;  H u a n g,  M.  Eff e ct s  of  C o u pli n g  A g e nt  a n d  I nt erf a ci al  
M o difi er s  o n  M e c h a ni c al  Pr o p erti e s  of  P ol y  ( L a cti c A ci d)  a n d  W o o d  Fl o ur  
Bi o c o m p o sit es.  I r a n P ol y m.  J.,  2 0 1 1 , 2 0  ( 4), 2 8 1 – 2 9 4.  
  
1 2 1.  M e n d es,  J.  F.;  P as c h o ali n,  R.  T.;  C ar m o n a,  V.  B.;  S e n a  N et o,  A.  R.;  M ar q u es,  A.  C.   
P.;  M ar c o n ci ni,  J.  M.;  M att o s o,  L.  H.  C.;  M e d eir o s,  E.  S.;  Oli v eir a,  J.  E.  
Bi o d e gr a d a bl e  P ol y m er  Bl e n d s  B as e d  o n  C or n  St ar c h  a n d  T h er m o pl a sti c  
C hit o s a n  Pr o c ess e d  b y  E xtr usi o n.  C ar b o h y dr.  P ol y m.  2 0 1 6 , 1 3 7 , 4 5 2 – 4 5 8.    
 
1 2 2.  M ut wil,  M.;  D e b olt,  S.;  P er ss o n,  S.  C ell ul o s e  S y nt h e sis:  A  C o m pl e x  C urr.  O pi n   
Pl a nt  Bi ol.  2 0 0 8 , 1 1  ( 3), 2 5 2 – 2 5 7.  
 
1 7 9  
 
 
1 2 3.  D u v al,  A.;  L a w o k o,  M.  A  R e vi e w  o n  Li g ni n -B a s e d  P ol y m eri c,  Mi cr o - a n d  N a n o - 
Str u ct ur e d  M at eri als.  R e a ct.  F u n ct.  P ol y m.  2 0 1 4 , 8 5  ( 9), 7 8 – 9 6 . 
 
1 2 4.  D z ul -C er v a nt es,  M.;  H err er a -Fr a n c o,  P.  J.; T á bi,  T.;  V al a d e z -G o n z al e z,  A.  Usi n g   
F a ct ori al  D e si g n  M et h o d ol o g y  t o Ass es s  P L A -g -M a  a n d  H e n e q u e n  
Mi cr ofi brill at e d  C ell ul o s e  C o nt e nt  o n  t h e M e c h a ni c al  Pr o p erti es  of  P ol y( L a cti c  
A ci d)  C o m p o sit es.  I nt er n.  J.  P ol y m.  S ci.  2 0 1 7 , 2 0 1 7 , 1 – 1 4.  
 
1 2 5.  L ö n n b er g,  H.;  F o g elstr ö m,  L.;  B er gl u n d,  L.;  M al mstr ö m,  E.;  H ult,  A.  S urf a c e   
Gr afti n g  of  Mi cr ofi brill at e d  C ell ul o s e  wit h  P ol y( ε -C a pr ol a ct o n e)  - S y nt h esis  
a n d  C h ar a ct eri z ati o n.  E ur.  P ol y m.  J.,  2 0 0 8 , 4 4  ( 9), 2 9 9 1 – 2 9 9 7.  
 
1 2 6.  F e n g,  X.;  Y a n g,  Z.;  C h m el y,  S.;  W a n g,  Q.;  W a n g,  S.;  Xi e,  Y.  Li g ni n -C o at e d   
C ell ul o s e  N a n o cr yst al  Fill e d  M et h a cr yl at e  C o m p o sit es  Pr e p ar e d  vi a  3 D  
St er e olit h o gr a p h y  Pri nti n g:  M e c h a ni c al  R ei nf or c e m e nt  a n d  T h er m al  
St a bili z ati o n.  C ar b o h y dr.  P ol y m . 2 0 1 7 , 1 6 9  ( 1 0), 2 7 2 – 2 8 1.  
 
1 2 7.  Als e w ail e m,  F.  D.;  Bi n k h d er,  Y.  A.  Pr e p ar ati o n  a n d  C h ar a ct eri z ati o n  of   
P ol y m er/ D at e  Pit s  C o m p o sit es.  J.  R ei nf.  Pl ast.  C o m p os.  2 0 1 0 , 2 9  ( 1 1), 1 7 4 3 –
1 7 4 9.  
 
1 2 8.  Yi,  S.;  X u,  S.;  F a n g,  Y.;  W a n g,  H.;  W a n g,  Q.  Eff e ct s  of  M atri x  M o difi c ati o n  o n  t h e 
M e c h a ni c al  Pr o p erti es  of  W o o d – P ol y pr o p yl e n e  C o m p o sit es.  P ol y m er s  ( B as el). 
2 0 1 7 , 9  ( 1 2), 7 1 2.  
 
1 2 9.  Mi a o,  C.;  H a m a d,  Y.  W.  C ell ul o s e  R ei nf or c e d  P ol y m er  C o m p o sit es  a n d   
N a n o c o m p o sit es:  A  Criti c al  R e vi e w.  C ell ul.   2 0 1 3 , 2 0  ( 5), 2 2 2 1 -2 2 6 2.  
 
1 3 0.  W ei,  L.;  M c D o n al d,  A.;  St ar k,  N.  Gr afti n g  of  B a ct eri al  P ol y h y dr o x y b ut yr at e  ( P H B)  
o nt o  C ell ul o s e  vi a  I n-Sit u  R e a cti v e  E xtr usi o n  wit h  Di c u m yl  P er o xi d e . 
      Bi o m a cr o . 2 0 0 5 , 1 6  (3 ), 1 0 4 0 -1 0 4 9 . 
 
1 3 1.  A v ell a,  M.;  B o g o e v a _ G a c e v a,  G.;  B u z ar o vs k a,  A.;  Erri c o,  M.  P ol y( L a cti d  a ci d) - 
b a s e d  Bi o c o m p o sit es  R ei nf or c e d  wit h  K e n af  Fi b er s.  J.   A p pl.  P ol y m.  S ci.  2 0 0 8 , 
1 0 8  ( 6), 3 5 4 2 -3 5 5 1.  
 
1 3 2.  T o d o,  M.;  S hi n o h ar a,  N.;  Ar a k a w a,  K.  Eff e ct s  of  Cr yst alli z ati o n  a n d  L o a di n g  r at e  
o n  t h e M o d e  I Fr a ct ur e  T o u g h n e ss  of  Bi o d e gr a d a bl e  P ol y( L a cti c  A ci d).  J  M at er  
S ci  L ett , 2 0 0 2 , 2 1 , 1 2 0 3.  
 
1 3 3.  P ar k,  S. D.;  T o d o,  M.;  Ar a k a w a,  K.  Eff e ct s  of  I s ot h er m al Cr yst alli z ati o n  o n   
Fr a c t ur e d T o u g h n es s  a n d  Cr a c k  Gr o wt h  B e h a vi or  of  P ol y( L a cti c  A ci d).  J  M at er  
S ci , 2 0 0 5 , 4 0  ( 4), 1 0 5 5 -1 0 5 8.  
 
1 8 0  
 
 
1 3 4.  H u n e a ult,  M.  A.;  Li,  H.  M or p h ol o g y  a n d  Pr o p erti e s  of  C o m p ati bili z e d  P ol yl a cti d e/   
T h er m o pl a sti c  St ar c h  Bl e n ds.  P ol y m e r,  2 0 0 7 , 2 7 0 – 2 8 0.  
 
1 3 5.  W u,  F.;  M u s a,  O.  M.  V e g et a bl e  Oil – M al ei c  A n h y dri d e  a n d  M al ei mi d e  D eri v ati v es:   
S y nt h es es  a n d  Pr o p erti e s.  H a n d b.  M al ei c  A n h y dri d e  B as e d  M at er.  2 0 1 6 , 1 5 1 –
2 0 8.   
 
1 3 6.  Tri v e di,  B.  C.;  C ul b ert s o n,  B.  M.  Pr o d u cti o n  of  M al ei c  A n h y dri d e.  M al ei c   
A n h y dri d e  1 9 8 2 , 1 7 – 4 0.  
 
1 3 7.  S e m m el h a c k,  M. F.;  S c h mi d,  C.;  C ort es,  D.  A.  O xi d ati o n  of  A l c o h ols t o A l d e h y d e s  
wit h  O x y g e n  a n d  C u pri c  Io n,  M e di at e d  b y  N itr o s o ni u m Io n.  J o ur n al  of  
A m eri c a n  C h e mi c al  S o ci et y , 1 9 8 4 , 1 0 6 , 3 3 7 4 -3 3 7 6.  
 
1 3 8.  N at ur e W or ks  4  S eri es  f or Fil ms  &  C ar ds.  htt ps:// w w w. n at ur e w or ksll c. c o m/   
Pr o d u ct s/ 4 -s eri es-f or-fil ms-c ar ds  ( a c c es s e d J ul 2,  2 0 1 9).    
 
1 3 9.  Or o z c o,  V.  H.;  Br o st o w,  W.;  C h o n k a e w,  W.;  L o p e z,  B. L.  Pr e p ar ati o n  a n d   
C h ar a ct eri z ati o n  of  P ol y( L a cti c  A ci d) -g -M al ei c  A n h y dri d e  +  St ar c h  Bl e n ds.  
M a cr o m ol.  S y m p.  2 0 0 9 , 2 7 7,  6 9 -8 0.  
 
1 4 0.  V a n  H e m elriji c k,  E.;  v a n  P u y v el d e,  P.;  M ol d e n a er s,  P.  R h e ol o g y,  a n d  M or p h ol o g y   
of  Hi g hl y  C o m p ati bili z e d  P ol y m er  Bl e n ds.  M a cr o m ol.  S y m p . 2 0 0 6 , 2 3 3,  2 1 -2 8.  
 
1 4 1.  W u a,  D.;  Z h o u,  C h.;  F a n a,  X.;  a n d  t h e, D.;  Bi a n b,  Z h.  Li n e ar  R h e ol o gi c al  b e h a vi or   
a n d  T h er m al  St a bilit y  of  P ol y( B ut yl e n e  T er e p ht h al at e/ E p o x y/ Cl a y  T er n ar y  
N a n o c o m p o sit e.  P ol y m.  D e gr a d.  St a b.  2 0 0 5 , 8 7 , 5 1 1 -5 1 9.  
 
1 4 2.  B aill y,  M.;  K o nt o p o ul o u,  M.;  El  M a br o u k,  K.  Eff e ct  of  P ol y m er/ Fill er  I nt er a cti o ns  
o n  t h e Str u ct ur e  a n d  R h e ol o gi c al  Pr o p ert i es of  Et h yl e n e -O ct e n e  C o P ol y m er/  
N a n o sili c a  C o m p o sit es.  P ol y m.  2 0 1 0 , 5 1 , 5 5 0 6 -5 5 1 5.  
 
1 4 3.  Ar a n g ur e n,  M.I.;  M or a,  E.;  D e Gr o ot,  J. V.; M a c o s k o,  C. W.  Eff e ct  of  R ei nf or ci n g   
Fill er s  o n  t h e R h e ol o g y  of  P ol y m er  M elt s.  J.  R h e ol.  1 9 9 2 , 3 6,  1 1 6 5 -1 1 8 2.  
 
1 4 4.  E z z at,  P.;  G h as e mi,  I.; K arr a bi,  M.;  A zi z,  H.  R h e ol o gi c al  B e h a vi or  of  P P/ E P D M   
Bl e n d:  T h e  Eff e ct  of  C o m p ati bili z ati o n.  I r a n. P ol y m.  J.,  2 0 0 8 , 1 7  ( 9), 6 6 9 -6 7 9.  
 
1 4 5.  E z z at,  P.;  G h as e mi,  I.; K arr a bi,  M.;  A zi z,  H.  C orr el ati o n  B et w e e n  t h e R h e ol o gi c al   
B e h a vi or  of  P P/ E P D M  Bl e n d  i n V ari o us  D y n a mi c  V ul c a ni z ati o n  S yst e ms.  I r a n. 
P ol y m.  J.,  2 0 0 8 , 1 7  ( 4), 2 6 5 -2 7 2.  
 
1 4 6.  S o n g,  Y.;  Z h e n g,  Q.  Li n e ar  R h e ol o g y  of  N a n ofill e d  P ol y m er s.  J.  R h e ol.  2 0 1 5 , 5 9,   
1 5 5.  
1 8 1  
 
 
1 4 7.  Z h a n g,  M.;  D u h a m el,  J.; v a n  D ui n,  M.;  M e e ss e n,  P.  C h ar a ct eri z ati o n  b y   
Fl u or es c e n c e  of  t h e Distri b uti o n  of  M al ei c  A n h y dri d e  Gr aft e d  o nt o  Et h yl e n e - 
Pr o p yl e n e  C o p ol y m er s.  M a cr o m ol . 2 0 0 4 , 3 7,  1 8 7 7 -1 8 9 0.  
 
1 4 8.  N at ur e W or ks  4  S eri es  f or Fil ms  &  C ar ds.  htt ps:// w w w. n at ur e w or ksll c. c o m/  
  Pr o d u ct s/ 4 -s eri es-f or-fil ms-c ar ds  ( a c c es s e d J ul 2, 2 0 1 9).    
 
1 4 9.  Li,  H.;  H u n e a ult,  M.  Eff e ct  of  N u cl e ati o n  a n d  Pl a sti ci z ati o n  o n  t h e Cr yst alli z ati o n   
of  P ol y(l a cti c  a ci d).   P ol y m.  2 0 0 7 , 4 8  ( 2 3), 6 8 5 5 -6 8 6 6.  
 
1 5 0.  J a c o bs e n,  S.;  Frit z,  H.  G.;  Filli n g  of  P ol y( L a cti c  A ci d)  wit h  N ati v e  St ar c h.  P ol y m.   
E n g.  S ci . 1 9 9 6 , 3 6,  2 7 9 9.  
 
1 5 1.  Qi n,  L.;  Qi u,  M.;  Di n g,  S.  M e c h a ni c al  a n d  T h er m al  Pr o p erti es  of  P ol y( L a cti c  A ci d)   
C o m p o sit es  wit h  Ri c e  Str a w  Fi b er  M o difi e d  b y  P ol y( b ut yl  a cr yl at e).  C h e m  E n g  
J . 2 0 1 1 , 1 6 6 , 7 7 2 -7 7 8.  
 
1 5 2.  Li u,  D.;  Y u a n,  X.;  B h att a c h ar y y a,  D.  C h ar a ct eri z ati o n  of  S ol uti o n  C ast  C ell ul o s e   
N a n ofi br e  - r ei nf or c e d P ol y( L a cti c  A ci d),  E x pr ess  P ol y m  L ett , 2 0 0 9 , 4 , 2 6 -3 1.  
 
1 5 3.  S h oj a ei ar a ni,  J.  I m pr o vi n g P erf or m a n c e  C h ar a ct eristi c s  of  P ol y( L a cti c  A ci d)  ( P L A)  
B as e d  N a n o c o m p o sit es  b y  E n h a n c e d  Dis p er si o n  of  M o difi e d  C ell ul o s e  
N a n o cr yst als  ( C N Cs). N ort h  D a k ot a  St at e  U ni v ersit y , 2 0 1 8 .  
  
1 5 4.  D u,  Y.;  W u,  T.;  Y a n,  N.  F a bri c ati o n  a n d  C h ar a ct eri z ati o n  of  F ull y  Bi o d e gr a d a bl e   
N at ur al  Fi b er -r ei nf or c e d P ol y( L a cti c  A ci d)  C o m p o sit es,  C o m p os  P art  B:  E n g , 
2 0 1 4 , 5 6 , 7 1 7 -7 2 3.  
 
1 5 5.   C uiff o,  M.;  S n y d er,  J.; Elli ott,  A.  I m p a ct of  t h e F u s e d  D e p o siti o n  ( F D M) P ri nti n g  
Pr o c ess  o n  P ol yl a cti c  a ci d  ( P L A) C h e mistr y  a n d  Str u ct ur e.  A p pli e d  S ci , 2 0 1 7 , 7 , 
5 7 9.  
 
1 5 6.  C or ci o n e,  C.;  Fri gi o n e,  M.  C h ar a ct eri z ati o n  of  N a n o c o m p o sit es  b y  T h er m al   
A n al ysis.  M at er.  2 0 1 2 , 5 , 2 9 6 0 -2 9 8 0.  
 
1 5 7.  M of o k e n g,  J. P.; L u yt,  A.  S.;  T a bi,  T.;  K o v a cs,  J.  C o m p o sit es  of  I nj e cti o n M o ul d e d,   
N at ur al  Fi br e  R ei nf or c e d  C o m p o sit es  wit h  P P  a n d  P L A  a s  M atri c es.  T h er m o.  
C o m p os.  M at er . 2 0 1 2 , 2 5  ( 8), 9 2 7 -9 4 8.  
 
1 5 8.  Y u,  M.;  H u a n g,  R.;  H e,  C.;  W u,  Q.;  Z h a o,  X.  H y bri d  C o m p o sit es  fr o m W h e at   
Str a w,  I n or g a ni c Fill er,  a n d  R e c y cl e d  P ol y pr o p yl e n e:  M or p h ol o g y  a n d  
M e c h a ni c al  a n d  T h er m al  E x p a nsi o n  P erf or m a n c e.  I nt. J.  P ol y m.  S ci.  2 0 1 6 .  
 
 
1 8 2  
 
 
1 5 9.  B atist a,  N.  L.;  Oli vi er,  P.;  B er n h art,  G.;  R e z e n d e,  M.  C.;  B ot el h o,  E.  C.  C orr el ati o n   
b et w e e n  D e gr e e  of  Cr yst alli nit y,  M or p h ol o g y  a n d  M e c h a ni c al  Pr o p erti es  of  
P P S/ c ar b o n  Fi b er  L a mi n at es. M at er.  R es.  2 0 1 6 , 1 9  ( 1), 1 9 5 – 2 0 1.  
   
1 6 0.  O k h a m af e  A O,  Y.  P.  Str ess  Cr a c k  R esist a n c e  of  S o m e  Pi g m e nt e d  a n d  U n pi g m e nt e d   
T a bl et  Fil m  C o ati n g  S yst e ms.  J  P h ar m  P h ar m a c ol . 1 9 8 5 , 3 7  ( 7), 4 4 9 – 4 5 4.   
  
1 6 1.  J a c ks o n,  WJ.,  C al d w ell,  J R.  A nti pl asti ci z ati o n.  1 1 1.  C h ar a ct eristi cs  a n d  Pr o p erti e s   
of  A nti pl a sti ci z a bl e  P ol y m er s.  J  A p pl  P ol y m  S ci. 1 9 6 7 , 1 1  ( 2), 2 2 7 – 2 4 4.    
 
1 6 2.  P ol y m er s.  P ol y m er s  I nt er n ati o n al A u str aili a:  P ol y m er  D at a  B as e.  htt p:// p ol y m er s .  
c o m. a u/t h er m o pl a sti cs  ( a c c e ss e d J ul 6,  2 0 1 9).    
 
1 6 3.  A ult o n  M. E.  Ass e ss m e nt  of  t h e M e c h a ni c al  Pr o p erti es  of  Fil m  C o ati n g  M at eri al.   
I nt. J.  P h ar m.  T e c h n ol.  Pr o d.  M a n uf ., 1 9 8 2 , 3 , 9 -1 6.  
 
1 6 4.  R aj,  B.;  V o or d e,  M. V.  d e;  M a h aj a n,  Y.  2 0 1 7,  N a n ot e c h n ol o g y  f or E n er g y  
S ust ai n a bilit y ; Wil e y -V C H:  W ei n h ei m,  2 0 1 7,  p p.  3 4 2 -3 4 7.  
 
1 6 5.  K ot a,  A.  K.;  Ci pri a n o,  B.  H.;  D u est er b er g,  M.  K.;  G er s h o n,  A.  L.;  P o w ell,  D.;   
R a g h a v a n,  S.  R.;  Br u c k,  H.  A.  El e ctri c al  a n d  R h e ol o gi c al  P er c ol ati o n  i n 
P ol yst yr e n e/ M W C N T  N a n o c o m p o sit es.  M a cr o m ol.  2 0 0 7 , 4 0,  7 4 0 0 -7 4 0 6.  
 
1 6 6.  Mit c h ell,  C.;  Kris h n a m o orti,  R.  Dis p er si o n  of  Si n gl e -W all e d  C ar b o n  N a n ot u b es  i n  
P ol y( ε -C a pr ol a ct o n e).  M a cr o m ol.  2 0 0 7,  4 0  ( 3), 5 7 1 -5 8 2.  
 
1 6 7.  W u,  D. F.;  W u,  L.;  Z h a n g,  M.  R h e ol o g y  of  M ulti -W all e d  C ar b o n  N a n ot u b e/   
P ol y( b ut yl e n e  t er e p ht h al at e) C o m p o sit es.  J.  P ol y m.  S ci.  P art  B:  P ol y m.  P h ys.  
2 0 0 7,  4 5,  2 2 3 9 -2 2 5 1.  
 
1 6 8.  G o n g,  G.;  W u,  J.; Li n,  Y.;  C h a n,  C.;  Y a n g,  M.  D y n a mi c  R h e ol o gi c al  B e h a vi or  of   
I s ot a cti c P ol y pr o p yl e n e  Fill e d  wit h  N a n o -c al ci u m  C ar b o n at e  M o difi e d  b y  
St e ari c  A ci d  C o ati n g.  J.  M a cr o m ol.  S ci.  2 0 0 9 , 4 8  ( 2), 3 2 9 -3 4 3.  
 
1 6 9.  P ot s c h k e,  P.;  F or n es,  T.  D.;  P a ul,  D.  R.  R h e ol o gi c al  B e h a vi or  of  M ulti w all e d   
C ar b o n  N a n ot u b e/ P ol y c ar b o n at e  C o m p o sit es.  P ol y m.  2 0 0 2 , 4 3  ( 1 1), 3 2 4 7 -3 2 5 5.  
 
1 7 0.  M ai a,  B.  S.  St u d y  o n  t h e Eff e ct  of  S urf a c e  E n er g y  of  P ol y pr o p yl e n e/ P ol y a mi d e 1 2   
P ol y m er  H y b ri d  M atri x  R ei nf or c e d  wit h  Vir gi n  a n d  R e c y cl e d  C ar b o n  Fi b er . 





1 8 3  
 
 
1 7 1.  Di m o ni c,  D.;  M us at,  M.;  D o n c e a,  M.  S.;  D a mi a n,  C.  M.;  A nt o n,  L.;  V asil e,  E.;   
Tr us c a,  R.;  R a p a,  M.  C o ntr olli n g  t h e M elt  R esist a n c e  t o Fl o w  as  a  P o ssi bilit y  of  
I m pr o vi n g t h e Mis ci bilit y  a n d  t h e Ti m e  B e h a vi or  of  S o m e  Bl e n ds  B a s e d  o n  
St ar c h.  I nt. J.  P ol y m.  S ci . 2 0 1 5 , 1 -1 2.  
 
1 7 2.  Tri n kl e,  S.;  W al k er,  P.;  Fri e dri c h,  C.  V a n  Gr u p -P al m e n  Pl ot  II –  Cl a ssifi c ati o n  of   
L o n g -C h ai n  Br a n c h e d  P ol y m er s  b y  t h eir T o p ol o g y.  R h e ol.  A ct a.  2 0 0 2 , 4 1,  1 0 3 -
1 1 3.  
 
1 7 3.  F a n,  M.;  D ai  D.;  H u a n g,  B.   F o uri er  Tr a nsf or m  I nfr ar e d S p e ctr o s c o p y  f or N at ur al   
Fi br e s.  F o uri er  T r a n sf or m  M at er.  A n al.  2 0 1 2.  4 5 -6 7.  
 
1 7 4.  D o g a n a y,  D.  Pr o d u cti o n  a n d  C h ar a ct eriz ati o n  of  P ol yl a cti d e/ Sil v er  N a n o wi r e   
N a n o c o m p osit es  Fil ms . M ast er  T h esis,  Mi d dl e  E ast  T e c h ni c al  U ni v er sit y,  
A n k ar a,  T ur k e y,  2 0 1 6.    
 
1 7 5.  Bir ni n -Y a uri,  A.  U.;  I br a hi m, N.  A.;  Z ai n u d di n,  K.  A.;  T h e n,  Y.  Y.;  C hi e n g,  B.  W.   
Eff e ct  of  M al ei c  A n h y dri d e -M o difi e d  P ol y(l a cti c  a ci d)  o n  t h e Pr o p erti es  of  It s 
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